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ABSTRACT 
This thesis presents a comprehensive energy resource assessment for Kiribati. The energy 
resources assessed are solar, wind and copra with CNO biofuel as a diesel substitute. The 
main aim is to assess the feasibility and economic viability of these energy resources as 
energy  sources  for  a  Hybrid  Energy  System  (HES)  that  can  provide  a  sustainable  energy 
source for rural communities on outer islands in Kiribati. Arorae Island, is chosen as a case 
study  to  assess  these  resources,  including  the  feasibility  of  local  CNO  production.  In 
particular, the load is estimated and analysed for Arorae Island Council, for which a HES 
design is developed and assessed. The load pattern and design for this rural institution are 
assumed to be typical of the other island council institutions, though this thesis suggests that 
it is always vital to assess the load for particular users. Current CNO production on South 
Tarawa  is  also  examined  with  consideration  on  its  opportunity  to  replace  diesel  fuel. 
Interestingly, the findings reveal that it is economically viable to produce CNO on Arorae 
Island to meet the demand of CNO biofuel. This could possibly be the case for the other 
islands. The use of CNO as a diesel substitute is practical particularly in an indirect injection 
diesel  engine  for  outer  islands  applications;  these  opportunities  thus  render  CNO  an 
attractive advantage as an alternative source of energy for the islands. A particular distinct 
aspect of this thesis is its findings in resolving certain technical issues related to CNO use in a 
diesel engine. The issue of deposits formation in particular is well discussed with the causes 
being resolved. The study also confirms the excellent solar resource of the island, as well as a 
potential wind resource of the island, especially for a HES use. In the HOMER design analysis, 
the viability of the HES using the RE sources are less attractive due to their very high initial 
costs and NPC. However, they are very cost-effective in terms of low operation costs and in 
substantial fuel savings. Some optimal systems can operate without a diesel genset which is 
highly economical on outer islands. Despite their high costs, there is still opportunities to 
reduce the load estimate and so the high capital costs of the RE systems. In addition, this 
thesis argues that HESs are viable provided there are external funding sources or subsidies 
available to meet the initial costs.  Other important findings reveal that copra production for 
export  is  not  viable,  and  CNO  export  is  promising  on  a  scale  of  economy  given  CNO 
favourable  world  price.  The  finding  suggests  that  the  country  must  invest  now  in  CNO 
production both for export, as well as for biofuel use in order to fully realise the long-term 
economic benefits from the coconut resources. At current CNO production capacity by the 
KCMC, the country can replace at least 30 % of diesel fuel imports. This clearly implies that a 
large scale investment in CNO biofuel can displace considerable amount of diesel fuel. The 
current fuel shortages on the islands which correlate with inadequate fuel supply reserves, is 
bound to persist in the next decades or so given the economic vulnerability of the country to 
soaring world prices of petroleum fuels. Unless it is serious in seeking and developing its 
alternative sources of energy, over a long term, the country will continue to experience 
major economic setbacks, one of which is duly being the impact of world fuel prices. Overall, 
this  thesis  is  novel  and  unique  in  many  aspects  of  its  assessment,  and  presents  a 
comprehensive  assessment  on solar,  wind  and  copra/CNO energy  resources. One  crucial 
part, is the feasibility of CNO production on outer islands and its use in a HES which is fully 
assessed for the first time. 
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1  INTRODUCTION 
This section outlines the purpose of the research, the methods (methodology) used 
in achieving the aim and objectives, and general issues arising from the research. It 
also presents an overview of the technical issues associated with data availability, 
their use and of course their limitations. 
1.1  Aim and Objectives 
The  main  aim  of  this  thesis,  was  to  undertake  and  prepare  a  comprehensive 
feasibility  study  of  a  Hybrid  Energy  System  (HES)  that  can  provide  a  sustainable 
energy source for community institutions on the outer islands (remote islands) in 
Kiribati. This aim was or has been underpinned by the following tasks and objectives: 
  assessing  the  feasibility  of  renewable  energy  (RE)  resources  in  Kiribati, 
particularly solar energy, wind energy, and coconut biofuel (CNO) as potential 
energy sources for a HES 
  review  of  CNO  as  a  potential  diesel  fuel  substitute  in  Kiribati,  including  a 
comprehensive  assessment  of  coconut  copra  resource  vital  for  CNO 
production 
  developing and assessing the feasibility of a diesel HES appropriate for outer 
islands in Kiribati which can use diesel or CNO as a fuel 
  And finally, preparing a report in regard to the above that will be useful for 
my future work, or for the Energy Department in Kiribati. 
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1.2  Research Background 
The main purpose of this research is to assess the renewable energy (RE) resources in 
Kiribati that can be used to produce a sustainable hybrid energy system (HES) for 
outer  islands  communities’  centralised  power.  The  main  RE  resources  that  are 
assessed are solar energy, wind energy, and CNO biofuel. The HES design that is 
considered comprises of a diesel genset (DG) that uses diesel fuel as well as the RE 
sources which can be proven to be economically as well as technically feasible as 
components  of  the  HES.  The  aim  of  the  design  is  to  maximize  the  use  of  such 
potential RE in order to reduce dependence on petroleum fuels, and thus to improve 
the energy security and socio-economic status of the country.  
Arorae Island is selected as an Island case study particularly to assess the potential of 
these  RE  resources,  and  from  which  a  load  profile  typical  of  rural  institutions  is 
modelled  to  develop  the  HES  design.  So  a  load  assessment  is  analysed  for  one 
remote institution on the island, the Arorae Island Council Institution.  
Initially, the research was intended to be entirely a desk-top study whereby data can 
be  gathered  from  literature,  library  and  internet  sources  alone.  However,  it  was 
found out later that due to certain difficulties in accessing such information, a field 
work was considered necessary especially in order to obtain data on copra and CNO 
production, as well as on a typical energy usage on a remote institution on Arorae 
Island. This field work was carried out on Tarawa Island and Arorae Island from July 
2008 immediately after semester 1 break. Whilst it was expected to be completed in  
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a month or less, the field work took more than 2 months owing to being stranded on 
Arorae as a result of unreliable airline and shipping schedules. 
One important objective of the study was to explore the use of CNO biofuel on the 
islands,  therefore  it  was  also  considered  essential  to  obtain  the  actual  copra 
production  on  Arorae  (case  study).  This  is  coupled  with  the  aim  to  be  able  to 
accurately estimate the copra yield, copra production capacity and CNO yield that 
can be obtained from the island copra records. The main aim is to quantify how much 
surplus copra is available, and whether it is adequate to meet the demand of CNO 
biofuel as an alternative fuel option in place of diesel fuel. 
CNO Biofuel assessment is an extensive but significant component of this thesis. Both 
CNO technical and economic feasibilities are assessed. In particular, its feasibility as a 
biofuel for outer islands in HES is explored and assessed, as well as its central use on 
South Tarawa as an option to replace the current diesel consumption.  
Other biomass resources such as biomass wastes from copra, etc, however, are not 
assessed,  although  there  is  indication  of  their  viability  when  used  with  new  RE 
technologies  such  as  gasification.  The  main  reason  is  that  the  renewable  energy 
sources considered here are those which are deemed appropriate and have high 
potential to be used as components of a HES. Thus, the overall aim, is to assess the 
renewable energy resources that can be used as components of a diesel-genset HES. 
In relation to this, this thesis also attempts to assess fully the wind resource so as to  
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ascertain and validate the hypothesis that wind power can be potentially used in a 
HES in Kiribati. 
In general, the research and analysis has been guided by addressing, and answering 
the following questions: 
 Question  1:  Resource  Assessment  –  What  renewable  energy  resource(s)  can 
 produce an optimal (cost-effective) combination in a sustainable HES? 
Question 2: Load Assessment – What pattern of energy consumption or demand is 
typical of remote areas in Kiribati for which a cost-effective HES can be designed? 
Question 3: Technical and Economic feasibility of coconut oil (CNO) – Is CNO biofuel 
viable as a diesel substitute in diesel engines?  
Question 4: Case study – Arorae Case Study: Does the Case Study developed for   a 
remote  community  on  the  outer  island  indicate  that  such  HES  can  provide  a 
 sustainable energy supply for such applications? 
 
The choice of Arorae Island as a special case study for the islands is crucial and is 
based on the author’s preference and judgment in regard to the following important 
reasons: 
  The writer grew up on the island, so the writer is very familiar with the island and 
people, thus the tasks in obtaining the required data for the case study would be 
much easier. Not only this, but it helped the writer to economize his expenses in 
regards to accommodation
1 during the field work. 
 
                                                           
1 Writer paid for all expenses to travel from and back to Tarawa, including expenses on Arorae. AusAID, only 
paid for writer’s travel expenses from and back to Australia. T i a n t e   T a r a k i a     P a g e  | 5 
 
Murdoch University  Hybrid System Feasibility_Kiribati  January 2009   
 
 
  Arorae Island is located at the extreme south end of the Gilbert group, so being so 
remote must definitely experience copra shipping or transportation problems. In 
order to explore the prospects of introducing copra oil production for CNO biofuel in 
future, this issue of transportation needs to be critically addressed as one essential 
component to the planning of such CNO projects for the islands, which of course can 
influence their success or failure. Clearly, as shown in the analysis, Arorae has a lot 
to tell about copra shipment constraints.  
  Contrary to others’ views, shipping constraint does not necessarily imply a challenge 
or a cause to failures in future CNO projects on the islands. Rather, it presents an 
opportunity cost of utilising copra for export, which can be more economically viable 
and beneficial to the islanders as well as to the whole country.  
  Arorae has wind resource potential at certain sites but where on-site measurements 
have not been conducted yet. Similarly, other islands are believed to have potential 
wind sites. Local knowledge of such wind sites makes the wind resource assessment 
easier. 
  The findings of the Arorae case study can also be applied to other outer islands in 
Kiribati. Arorae case study only serves to develop the necessary model in renewable 
energy resource assessment and in the HES design for the islands.  
 
Generally, this study is indeed the first comprehensive study of its kind, not only for 
the HES design, for off-grid remote area power supply (RAPS
2), but also importantly,  
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in its comprehensive assessment of the copra, CNO biofuel, and wind resources. 
Strictly speaking, there are other studies
3 on renewable energy assessment, or CNO 
feasibility,  but  are  limited  in  coverage .  Even  CNO  feasibility  for  outer  islands 
applications has not yet been assessed.  Hence, this study has intended to fill these 
gaps. 
The  underlying  assessment  methods  used  are  explained  at  the  outset  of  each 
chapter,  with  theoretical  backgrounds  to  these  methods   explained.  Th ese 
background  theories  are  important  in  developing  the  basis  of  the  underlying 
methods, but also are useful in validating the hypotheses or argument outlined in the 
assessment.  
In this study, this thesis attempts to make a distinction on the use of sources of data 
as follows: 1) Source, implies that a data is taken directly from that indicated source, 
2) Based on ... data, implies that the presented data is of the author of this thesis 
own analysis or interpretation, but based or compiled on original data provided by 
the indicated source, 3) Reproduced from …, indicates that the indicated source is a 
secondary source. Where there is no source acknowledgment, it simply means it is 
entirely the author’s own interpretation. 
 
1.2  Data Usage and Limitations 
The main data that were obtained and analysed comprised of the following 
  Wind and Solar Energy Data  
                                                           
3 examples include Wade (2004), Zieroth (2005), and pre-feasibility study of HES by Etienne & Cloin (2006). 
More details in text. T i a n t e   T a r a k i a     P a g e  | 7 
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  Kiribati Copra Production 
  Kiribati CNO production 
  Arorae Copra Production  
  Arorae Island Council Institution Load (Energy Use) Data 
 
Wind and solar data used in the case study (Arorae) are obtained from NASA satellite 
Surface meteorology and Solar Energy (SSE) data. These are used because currently 
there  are  no  available  data  particularly  for  the  islands,  even  the  other  world 
meteorology sources do not provide data for the islands except RETScreen.  
The  Kiribati  Copra  production  data  is  originally  a  record  by  the  Kiribati  Copra 
Cooperative  Society  Ltd  (KCCS)  for  all  the  islands  production.  In  fact  the  word 
‘production’ can be misleading as the author will argue because the copra production 
are  only  records  of  the  quantities  from  the  islands  shipped  to  Tarawa  over  a 
particular period. In other words, they are not actual copra production; the actual 
islands productions are those recorded on each island.  
In  using  NASA/SSE  data  for  wind  and  solar  resources  analysis,  the  author  has 
assumed full validity of such data. This assumption also makes sense for the fact that 
NASA also validates such data through certain processes.  The methods used by NASA 
in  calculating  the  solar  and  wind  data  is  well  explained  in  its  SSE  methodology. 
However, there are still limitations especially with regard to the wind speeds data. 
These limitations are also considered and discussed in the text.  
 T i a n t e   T a r a k i a     P a g e  | 8 
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2  LOAD ASSESSMENT ON ARORAE 
2.1  Background 
This section analyses the electricity load demand or energy consumption pattern of 
one  rural  institution  on  Arorae  Island,  namely  the  Arorae  Island  Council  (see 
picture1).The aim is to determine the daily load profile pattern typical of such rural  
                    
  Figure 1: Arorae in the Gilbert Islands group.  
 
institutions and the profile characteristics which include mainly the average daily load 
and  the  peak  demand.  The  hourly  daily  loads  (kW)  or  daily  load  profile  is  an 
important input in HOMER, the design software used for this thesis.  
 T i a n t e   T a r a k i a     P a g e  | 9 
 
Murdoch University  Hybrid System Feasibility_Kiribati  January 2009   
 
 
The method used to estimate the load demand is the manual load assessment based on 
the appliances usage (see Appendix I for details of energy demand estimate). 
 
 
Picture 1: Air View of Arorae Island Council (by Google Earth), and some buildings (Photo by Tiante, 2008). 
 
Data on expected energy usage patterns were collected during field work on Arorae in 
August 2008. However, most appliances‟ power ratings and usages were estimated,  T i a n t e   T a r a k i a     P a g e  | 10 
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based on standard values from literature. The estimate as such has to be done for one 
reason, which is that, the institution considered presently does not have any power 
source. Thus, the analysis is basically based on a scenario of projected energy demand. 
That  is,  some  demands are not  currently used  but  expected in  future, or after the 
system  is  installed.  This  is  an  important  consideration  for  this  analysis  because  it 
attempts  to  approximate  the  realistic  demand  that  could  occur  once  the  system  is 
installed. In pursuing this method, the following assumptions and estimates have been 
considered: 
Assumptions and Estimates for Projected Energy Demand: 
  Considered new appliances that would be likely used when the energy source 
or power supply is installed, especially those specific to the institution. For 
example, a small aluminium workshop has been closed for many years now 
partly due to the high cost of diesel fuel which it used for some tools. 
Therefore for this load demand analysis, some tools for the workshop have 
been considered and included, which would likely be used with the new power 
source.  
  Estimate of appliances‟ sizes and energy usage (hrs/day) that are realistic or 
would approximate the projected future energy demand. Sizes (wattages) are 
based on power ratings of common appliances and from literature data. 
  The usage of the appliances is over a 24 hour day period for which the hybrid 
energy system is to be designed. However, in practice, not all appliances run 
24 hours, the longest hours are only 10-11 hours/day incurred by the street 
lights (11 hrs/day), chest freezers at the Ice Plant Centre (10 hrs/day), and the  T i a n t e   T a r a k i a     P a g e  | 11 
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residential freezers
4 (10 hrs/day).  There is an increase in the use of freezers 
and videos by the institutions‟ residents who currently use private stand alone 
diesel power sources; hence these appliances are also considered to be part of 
the load of the new centralised hybrid power system.  
  Many energy activities are assumed to occur during the day as usual. However, 
some appliances will also be used at nights especially the lights and others. A 
continuous base load is assumed to be attributed to the continuous (periodic) 
operation of the freezers, and the streetlights (only during evening). 
 
In general, this method does not take into account the monthly daily average 
loads over a year. In other words, it assumes a constant daily load over a 
month and year. With no distinct seasonal variation throughout the year which 
can affect the load, thus this assumption is reasonable for Arorae case.  
 
2.2  Load Profile Analysis of Arorae Island Council 
The daily load profile curve for Arorae Island Council Institution is presented in figure  
2 below. This profile is developed from the energy consumption data sheet, which 
includes estimates of the daily operating hours of the various appliances. As figure 2 
shows, there is an obvious diurnal variation of energy use throughout the day. It also 
shows a peak load of ~ 6 kW occurring around 11 am with high loads starting after 8 
am until 6 pm. The average daily load for this profile is calculated as 67 kWh/day. An 
almost constant base load of between 0.62-0.73 kW is also observed occurring from  
                                                           
4 Modern freezers/fridges are designed to minimize energy use (energy efficient) and so would run between 
periodic time intervals, say every ½ hours.  T i a n t e   T a r a k i a     P a g e  | 12 
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12 mid-nights until 7 am in the morning. As explained above, this base load is 
attributed mainly to the continuous operation of the freezers, and the streetlights. 
 
Figure 2: Project Daily Load of Arorae Island Council Institution  
 
These estimates on the load patterns are “vitally important for the design process 
because the whole purpose of the HES RAPS system is to meet this particular load” 
(Trevor L Pryor, 1995, p. 4), otherwise “the design process will have failed if the 
system cannot meet the load requirement consistently and reliably” (Trevor L Pryor, p. 
4). (More details on the load impact on system design are discussed in chapter 7, the 
HES Design).   
2.3  Conclusion 
The load profile with average daily load of 67 kWh/day has been developed for 
Arorae Island Council Institution. This is assumed to be typical of the other islands‟ 
similar institutions
5.  
                                                           
5 Proper load assessment is always essential as the load can vary for particular Island Councils. This assessment 
is critical in project planning and design. 
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3  SOLAR ENERGY RESOURCE ASSESSMENT 
3.1  Background 
In  this  section,  the  solar  resource  for  Arorae  Island  is  assessed.  Two  main  solar 
resource  parameters  are  assessed  here:  the  solar  radiation  or  insolation,  and  the 
average clearness index
6. The latter is a useful measure of the effect of the atmosphere 
on  the  incident  extraterrestrial  radiation  (Pryor,  Extraterrestrial  Radiation  on  a 
Horizontal Surface, 2008, p. 13). Its most immediate significance is that it is a useful 
indicator for a clear sky.  By standard conventions, an insolation value of at least 5.0 
kWh/m
2/day and clearness index of at least 0.60 are excellent, or indicate very good 
solar resource (Pryor, Solar Resource Assessment, 2008). 
 
3.2  Solar Resource Assessment for Arorae 
The following tables present the insolation and clearness index values for Arorae. In 
table 1, the monthly averaged insolation on a horizontal surface is given. In table 2 
and 3, the monthly averaged clearness indices are given with table  3 showing the 
actual clear sky clearness indices. These are long-term measurements (22 years) by 
NASA  based  on  satellite  estimates  of  solar  radiation.  A  combined  plot  of  these 
insolations and indices is presented by figure 3.  
 
 
                                                           
6 Mathematically, it is the ratio of the horizontal solar radiation at the earth’s surface to the extraterrestrial 
solar radiation on a horizontal surface. It can be measured over hourly, daily, and monthly basis (Pryor T, 
2008). T i a n t e   T a r a k i a     P a g e  | 14 
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Table  1:  Monthly  Av.  Insolations  on  Horizontal  Surface  for  Arorae  (Source:  NASA: 
http://eosweb.larc.nasa.gov/) 
Monthly Averaged Insolation Incident On A Horizontal Surface (kWh/m
2/day) 
Lat -2.67  
Lon 176.83 
Jan  Feb  Mar  Apr  May  Jun  Jul  Aug  Sep  Oct  Nov  Dec 
Annual 
Average 
22-year Average   5.87  6.17  6.15  5.96  5.79  5.62  5.67  6.02  6.56  6.63  6.29  5.60  6.02 
 
  Table 2: Monthly Av. Insolation Clearness Index for Arorae 
Monthly Averaged Insolation Clearness Index (0 to 1.0) 
Lat -2.67  
Lon 176.83 
Jan  Feb  Mar  Apr  May  Jun  Jul  Aug  Sep  Oct  Nov  Dec 
Annual 
Average 
22-year Average K   0.56  0.58  0.58  0.59  0.61  0.62  0.61  0.61  0.63  0.63  0.60  0.54  0.60 
 
  Table 3: Monthly Av. Clear Sky Insolation Clearness Index for Arorae 
Monthly Averaged Clear Sky Insolation Clearness Index (0 to 1.0) 
Lat -2.67  
Lon 176.83 
Jan  Feb  Mar  Apr  May  Jun  Jul  Aug  Sep  Oct  Nov  Dec 
22-year Average   0.72  0.73  0.71  0.72  0.72  0.72  0.72  0.72  0.73  0.73  0.72  0.72 
 
Figure 3 shows that Arorae Island has excellent
7 insolation and clearness index values 
according to standard c onventions. The insolation values range from 5.60 to 6.63  
kWh/m
2/day for a horizontal surface, and much higher at optimal angles (purple curve, 
table not shown). The insolations at optimal angles, refer to optimal values taken at  
                                                           
7 Excellent standards range from 5 kWh/m/day for insolation, and from > 0.60 for clearness index (Pryor 
Trevor).  T i a n t e   T a r a k i a     P a g e  | 15 
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different  slopes for different  months.  Even the minimum  insolation values for the 
worst months (June-July) are also in the excellent resource range (>5.5 units). On the 
other hand, the clear sky clearness indices are very high (> 70 %), and even the 
             
              Figure 3: Monthly Averaged Insolations and Clearness Indices for Arorae 
 
averaged clearness indices (0.54 to 0.63) are excellent too.  
In addition, figure 3 also shows that the clearness indices are almost constant while the 
insolations  particularly  the  horizontal  values  vary  over  time.    However,  when  the 
insolation is measured at optimal angles, the low values of the horizontal insolations 
improve dramatically to higher values (> 6.0 kWh/m
2/day). This shows that for Arorae 
as well as the other islands in Kiribati, seasonal effect (see figure 4) is insignificant. 
The  low  latitude  or  location  along  the  doldrums  (equatorial)  region  has  much 
influence on the islands climate. As figure 4 clearly shows, the other Pacific Island 
Countries located further away from the equator at higher (or lower) latitudes exhibit 
more seasonal effect than Kiribati. 
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  Figure 4: Small Seasonal Effect on Kiribati compared to other PIC (Source: Osamu (2005) 
 
Clearly, since Kiribati has  no distinct seasons, due to its location in the doldrums 
region, the small insolation changes observed above, are attributed largely to the wet 
and dry seasons. Specifically, these seasons entail certain amount of rainfall or cloud 
cover, which influence significantly the amount of insolation reaching the islands. On 
a general perspective, the wet and dry seasons possibly correlate with the effects of the 
El Niño/El Niña cycle (ENSO).  
 
3.3  CONCLUSION 
Solar resource assessment clearly shows that Arorae has an excellent solar resource, 
with excellent solar radiation and clear skies throughout most of the year.  
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4  WIND RESOURCE ASSESSMENT 
 4.1  Wind Patterns in Kiribati 
The coral islands of Kiribati lie in the equatorial zone known as the doldrums belt 
(figure 5). The doldrums zone generally is a calm region of hot and sultry air, as well 
as of frequent light breezes, showers and thunderstorms (Whale, 2008).  Around this 
region,  the  NE  and  SE  trade  winds  converge  and  the  high  temperatures  and  low 
pressures predominate. Small temperatures and pressure differences exist and hence 
wind speeds are generally light and variable (Berill, p.6 Unit 2).  
 
  Figure 5: Doldrums belt (Source: Boyle, reproduced from Whale (2008)). 
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Generally,  this  doldrums  zone  and  the  large  surrounding  ocean  have  significant 
influence on the  country‟s weather  and  climate.  In addition,  the small size of the 
islands, also influence the wind patterns.  
During the day, by convection, the cool air or breezes move into the land cooling the 
land that otherwise would be very hot. The common winds on land are obviously the 
prevailing trade winds  because of the smallness  of the islands.  Cyclones  are non-
existent and typhoons are rare. Although there have been reported cases of small-scale 
tornadoes, however their occurrence is rare and has not caused major disasters.  
The flat terrain and small size of the islands with only a few vegetation types mainly 
the coconut trees result in a wind that does not vary much
8 during most of the days 
(figure  9).  Simply put, there are no complex terrain surfaces which could induce 
differences in the pressure and hence cause winds near the surface. As will be shown 
in the analysis, the predominant winds are mainly the prevailing winds. These are also 
the winds on land. Figure 6 below shows that the average atmospheric pressure for  
 
  Figure 6: Atmospheric Pressure at Arorae (Source: NASA/SSE) 
                                                           
8 For example, in high complex areas such as Australia, a very high variability in daily wind speeds can be 
observed. 
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Arorae  Island  is  constant  over  time,  while  figure  7  shows  the  variability  of 
temperature  at  10  m.  The  variation  in  temperature  could  possibly  be  due  to  the 
variation in insolation values as discussed above. In addition, the prevailing winds 
could also contribute to these changes. 
 
  Figure 7: Air temperature at Arorae (Source: NASA/SSE) 
 
Figure  8  indicates  a  somewhat  correlation  between  insolation  and  wind  speeds. 
However, the contradictory trends in Nov-Dec months may have been attributed to 
other weather effects which could influence the insolation more than the wind speeds.
 
  Figure 8: Wind Speeds correlation with Insolations (Based on NASA data) 
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This fact needs to be well noted because it is not always true in mountainous areas or 
complex terrains, where the wind speeds are not only influenced by the temperature, 
or insolation changes, but also by pressure differences due to the complex topography. 
Therefore, as a result of the simple terrain of the islands, and due to their location in 
the equatorial zone such as explained above, not much variation in wind speeds is 
expected. This small variation in wind speeds is shown in figure 9, for Tarawa Island. 
   
  Figure 9: Tarawa Diurnal Wind Speeds Pattern. (Based on Kiribati Meteorology data). 
In figure 9, there is a distinct variation in monthly wind speeds, but less so over a 
diurnal  period.  As  explained  above,  these  variations  in  monthly  wind  speeds  are 
mostly due to the prevailing winds which are largely determined by the changes in 
insolations.  
 The critical influence of temperature (as a result of insolation variations) on wind 
speed variation for Kiribati case will be discussed in the wind resource analysis for 
Arorae. T i a n t e   T a r a k i a     P a g e  | 21 
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4.2  WIND RESOURCE ASSESSMENT 
This  section  assesses  the  wind  resource  potential  of  Arorae  Island  based  on  the 
methods described in text below. Details of some methods are given in appendices II-
V. These methods are used to calculate the average wind speed, and other important 
wind resource parameters including the shape and scale factors, the power and energy 
output from the wind. The prevailing wind directions are also assessed using a wind 
rose diagram developed from the wind data by NASA. The visual observation method 
is also used to confirm these wind data. 
 
4.2.1  ANALYSIS OF ARORAE WIND ENERGY POTENTIAL 
NASA Wind Data 
NASA wind speeds at 50 m height for the case of Arorae, are calculated every 3 hours 
and averaged over a month with an annual average calculated. NASA uses certain 
computer  software  and  methods  to  calculate  the  wind  speeds.  These  also  include 
validation methods.  
The satellite measurements are adjusted with ground-sites measurements with respect 
to  the  vegetation  and  terrain  types  (NASA,  2008).  As  shown  in  NASA/SSE 
methodology, accuracy was a primary emphasis in deriving the 50 m wind speeds. 
The main wind data used are the airport wind speeds adjusted to 50 m based on terrain 
type  and  the  use  of  the  power  law.  Values  are  correlated  with  other  airports 
measurements  (from  similar terrain  areas) including that of RETScreen (2005) for 
accuracy. According to NASA/SSE, the height of the measurement is taken from the  T i a n t e   T a r a k i a     P a g e  | 22 
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soil, water, or ice/snow surface (smooth) instead of the “effective” surface which is 
usually taken close to the vegetation canopies.  
 
For the 10 m wind speeds, they are based on the 50 m data where they are extrapolated 
using the power law with an assumption that the terrain is typical of an airport, which 
is a “flat rough grass category”. However, NASA also noted that “designers need to 
consider the effects of vegetation canopies affecting wind from either some or all 
directions” (NASA, 2008, p. 50) when using these data in wind power design.  
 
Arorae Wind Speeds Analysis 
The  long-term  10  year  (1983-1993)  monthly  (3  hourly)  averaged  wind  speeds 
recorded at 10 m and 50 m for Arorae by NASA are presented in the following tables.  
   
    
Table 4: 10 year averaged wind speeds (1983-1993) at 10 m for Arorae (Source: NASA) 
 
Monthly Averaged Wind Speed At 10 m Above The Surface Of The Earth For 
Terrain Similar To Airports (m/s) 
Lat -2.67  
Lon 
176.83 
Jan  Feb  Mar  Apr  May  Jun  Jul  Aug  Sep  Oct  Nov  Dec 
Annual 
Average 
10-year 
Average  
4.30  4.43  3.99  3.46  3.14  3.31  3.51  3.90  3.98  3.93  3.95  4.28  3.84 
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 Table 5: 10 year averaged wind speeds (1983-1993) at 50 m for Arorae (Source: NASA) 
Monthly Averaged Wind Speed At 50 m Above The Surface Of The Earth (m/s) 
Lat -2.67  
Lon 176.83 
Jan  Feb  Mar  Apr  May Jun  Jul  Aug Sep  Oct  Nov Dec 
Annual 
Average 
10-year 
Average  
5.03 5.18 4.67 4.05 3.67 3.87 4.09 4.55 4.66 4.59 4.62 5.01  4.49 
 
A graphical representation of the monthly wind speeds in table 4 is shown in figure 10 
below, as well as an hourly variation over the month of January (figure 11). These 
curves show the variation pattern for the wind speeds.  
 
  Figure 10: Monthly wind speeds at 10 m for Arorae 
 
From figure 10, a variation in the wind speeds over a month or year can be seen. 
However, this variation is more significant over an hourly period, such as figure 11 
reveals. The curve below is generated by HOMER based on data in table 5. Thus, the 
curve indicates the highly unpredictable nature of the wind speeds. 
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  Figure 11: Estimated Hourly wind speeds in January for Arorae. 
 
From the above tables and figure 10, it is seen that the low wind speeds occur in the 
middle of the years (April to June) with lowest in May, and the wind speeds are higher 
towards the end and at beginning of year. As explained in the solar resource analysis, 
this variation is mostly due to the changes in insolation values. 
Table 6 below presents a wind speed distribution measured at 50 m with wind speeds 
arranged in bin classes or ranges.  This distribution is originally based on NASA/SSE 
data, but which now include the mid-point bin and cumulative probability (refer to 
Appendix II, table 18 for original data).  
Table 6: Wind Speed Distribution at 50 m for Arorae. 
Bin range  Bin mid-point (m/s)  Annual  Average 
Frequency (%) 
Cumulative 
Probability (%) 
0-2 m/s  1  17  17 
3-6 m/s  4.5  67  84 
7-10 m/s  8.5  16  100 
11-14 m/s  12.5  0  100 
15-18 m/s  16.5  0  100 
19-25 m/s  22  0  100 
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The bin ranges as seen are not uniform, which implies that a better distribution can be 
obtained with an improved bin range
9 (say 0.5 m/s or 1 m/s). However, due to limited 
data, this only available data is sufficient for the purpose of this thesis. 
A graphical plot of the mid-point bins and their corresponding frequencies from table 
6 is presented in figure 12 below. This distribution is called the wind speed histogram. 
   
  Figure 12: Wind Speed Histogram for Arorae (10 year data) 
 
Figure 13 below represents a wind speed cumulative distribution, also based on table 
6. 
   
  Figure 13: Wind Speeds Cumulative Distribution at 50 m for Arorae  
                                                           
9 For this case, it is not possible to achieve this due to limitation on data for Arorae. Hence, just use NASA data.  
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Using these wind speed distributions, the following wind parameters are calculated for 
Arorae: 
1)  Mean Wind Speed 
Using values in table 6, and equation [1]
10 below, the average wind speed is calculated 
as 4.55 m/s at 50 m for Arorae. This value differs by 1.2 % from the annual average 
value of 4.49 m/s. Interestingly, it is larger, which implies that cer tain effects might 
contribute to the higher wind speed at this elevation. 
  Vmean = 1/fT x ∑ ( vi fi)              [1] 
   
where  
fT = total frequency 
vi = mid-point wind speed in a particular wind speed range or bin i 
fi = frequency of a mid-point wind speed in bin i. 
 
On  the  other  hand,  the  cumulative  probability  curve  (figure  13)  shows  that  the 
probability of wind speeds  6 m/s is (100-84) = 16 %, or equivalent to saying that the 
probability of wind speeds < 6 m/s is 84 %. In fact as earlier explained, due to the 
limited  bin  ranges  used,  the  probability  of  occurrences  of  wind  speeds  would 
definitely improve at narrow bin ranges. In other words, it‟s likely that the probability 
of wind speeds < 6 m/s would be less than 84 %.  
                                                           
10 The method is called the Bin method. T i a n t e   T a r a k i a     P a g e  | 27 
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2)  Weibull Distribution  
This section will outline the results and method of modelling a wind speed histogram 
with a Weibull distribution function given by equation [2].  
          [2] 
The method involves mainly three steps i) Calculating the scale and shape factors from 
the Weibull distribution function and values from the wind speed distribution (bin 
method) ii) Generating a Weibull curve based on these factors (using MS-Excel), and 
iii)  Comparing  or  fitting  this  Weibull  curve  with  the  wind  speed  histogram 
(modelling).  
 
a)  Estimating Scale and Shape factors 
Figure 14 presents a linear form of Weibull function, showing a slope of 2.1 and a y-
intercept of about -3.2 (by extrapolation to the y-axis). This analysis yields the shape 
factor and scale factor of values 2.1 and 4.59 m/s, respectively. (Refer to appendix III 
for details of this analysis). 
   
  Figure 14: Linear Weibull Distribution 
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b)  Generating a Weibull Curve 
For  any  x-value  v/c  (v  is  any  arbitrary  wind  speeds  from  0  upwards)  and  with 
substitution of k = 2.1 and c = 4.59 (derived above) in the Weibull function (equation 
[2]), the following Weibull Distribution Curve is generated using MS-Excel.   
   
  Figure 15:  Weibull function for wind speeds at 50 m – Arorae Island    
 
The scale factor c is not the average wind speed; it indicates only the absolute value 
of the wind speed  (Gerdes) and “determines  where the peak occurs  on the x-axis 
(Berill, p.28 Unit 3).” According to Gerdes (2005), the average or mean wind speed 
can be approximated by 0.9 x c, therefore the mean wind speed for Arorae is ≈ 0.9 x 
4.59 m/s = 4.13 m/s at 50 m. This is a little less than that calculated from the bin 
method (4.55 m/s).  
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On the other hand, the shape factor k as its name implies, influences the shape of the 
distribution  by  either  reducing  (high  ks)  or  increasing  the  range  of  wind  speeds 
occurring at a given site. According to Manwell est. al (2004, p.57-58) “…as the value 
of k increases, the curve has a sharper peak, indicating that there is less wind speed 
variation.” The shape factor found for Arorae (k=2.1) is generally close to standard 
statistical distribution curves (e.g. Rayleigh where k = 2) or a normal  distribution 
shape, thus indicating that it has a good wind speed distribution. In other words, not 
much variation in wind speeds can be expected such as the previous results (see figure 
10)  have shown. 
 
c)  Weibull Modelling 
Figure 16 below shows a best-fit of Weibull to the wind speed distribution function 
(histogram)  as  obtained  with  HOMER.  HOMER  is  a  design-software  used  in  this 
thesis. 
 
  Figure 16: Wind Speed Histogram modelled by Weibull Function. 
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The  wind  speeds  (from  table  5)  entered  in  HOMER  are  for  50  m,  and  with  an 
estimated roughness length of 0.25 m (for coconut canopy), which is typical of the 
land  topography  of  the  islands  in  Kiribati  such  as  Arorae.  HOMER  automatically 
calculated the scale factor c, and the scaled annual average wind speed based on these 
inputs: 
  Shape factor k = 2.1 
  Auto-correction factor 
  Diurnal pattern strength 
  Hour of peak wind speed 
 
The last three inputs above are estimated based on information provided by HOMER 
(HOMER Help section).  
 
Clearly, as figure 16 shows, the Weibull curve matches well the wind speed 
distribution. As well, this Weibull shape is in excellent agreement with the shape of 
the generated Weibull curve in figure 15. In addition, the scale factor c (7.35 m/s) is 
much higher (by HOMER) than initially calculated with the bin method. This 
indicates a mean wind speed of ~ 0.9 x 7.35 = 6.61 m/s. This is considerably larger 
than the annual mean wind speed (4.5 m/s) and the mean wind speed derived from the 
bin method.  In the bin method, the mean wind speed is also found to be larger than 
the annual average. As will be discussed on p.35-36, the increase in wind speed at 
higher elevations for the case of Arorae could possibly be due to the effect of the  T i a n t e   T a r a k i a     P a g e  | 31 
 
Murdoch University  Hybrid System Feasibility_Kiribati  January 2009   
 
 
temperature inversions. Also, the roughness length could contribute to this effect 
because at 50 m, the wind speed would increase considerably following the power law 
because then the coconut trees (highest average height of no more than 10 m) have no 
influence on the wind profile at this height.  
 
Figure 17 illustrates the change in wind profile for Arorae case in terms of the 
roughness length. Similarly, figure 18 on the next page illustrates the same wind 
profile generated by HOMER. The surface roughness is described in appendix IV 
which also includes a standard table (table 20) which can be used to estimate the value 
of the roughness length. Since the terrain is flat with few vegetation types and no high 
buildings, the surface roughness is mainly due to the coconut trees canopy. Thus a 
roughness length is estimated as 0.25 m for Arorae. This value is also used in the HES 
design by HOMER (chapter 7). 
 
  Figure 17: Effect of Surface roughness on Wind Profile.  
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Arorae Long-term Wind Directions 
     Table 7: Averaged wind directions for Arorae from July 1983 - June 1993 (Source: NASA). 
Monthly Averaged Wind Direction At 50 m Above The Surface Of The Earth 
(degrees) 
Lat -2.67  
Lon 176.83 
Jan  Feb  Mar  Apr  May  Jun  Jul  Aug  Sep  Oct  Nov  Dec 
10-year Average   53  44  49  55  60  66  72  77  80  81  81  78 
 
Arorae has a predominant wind direction from the North-Eastern side such as the 
following Wind Rose diagram (figure 19) shows. This wind rose combines the wind  
    Figure 18 Arorae Wind Profile at 50 m for z0 = 0.25, generated by HOMER. 
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directions data (table 7) with the wind speeds in table 5 measured at the same height 
(50 m) and same period (months/years). 
 
Figure 19: Wind Rose for Arorae 
 
As shown, the prevailing winds are from the north-eastern directions. It is also shown 
that these winds are more oriented towards the east (more dense red lines) than toward 
the north. In addition, the wind rose also clearly shows that the predominant wind 
speeds are in the order between 4-5 m/s. 6 m/s wind speeds are shown to be rare. 
 
Interestingly, from the field survey conducted on the island in August-September 
2008, the prevailing winds were also observed to be predominant in this North-
Easterly direction. Not only through visual observation, but the local people also  T i a n t e   T a r a k i a     P a g e  | 34 
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confirmed this. They claimed that the N-East winds are common, or the winds mostly 
blow from the ocean at the north-eastern side.  The pictures below confirm the 
measured wind directions with these visual observations. 
 
 
  Picture 2 Visual Views of prevailing winds on Arorae (Map (Google Earth), On-site Photo  
     (Tiante, 2008).  
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 Extrapolation of Wind Speed 
Here, the effect of the temperature inversions on the wind speed is explored and 
discussed for the case of Arorae. 
The temperature inversion effect (TIE) occurs as a result of the rapid re-radiation of 
the ground‟s energy to the upper atmosphere. This condition produces an extremely 
stable layer of cold, dense air over the ground. Because of this cold dense air, transfer 
of turbulent energy from higher to lower levels becomes very difficult. This effect 
affects the vertical wind profile because the winds flow faster than expected at the 
higher elevations above the cold dense air near the ground (Berill, pp. 16, Unit 3). 
According to Berill (2001), the TIE is prevalent and occurs more often in flat open 
terrains and valleys, and at night when there is significant temperature differences. 
Clearly, this effect is significant in Kiribati.  
When the TIE is significant, the wind profile changes but still follows the logarithmic 
or power law. This means that at higher elevations, the wind speed would be higher 
than expected. Simply put, the roughness length z0 or power law exponent n would 
increase  at  higher  elevations,  hence  the  factor  “IF”  in  the  (modified)  power  law 
equation below. 
V2/V1 = {Z2/Z1}
n x IF              [3] 
Value of IF ranges from 1.0 (no temperature inversions) to 3.0 (strong inversions). 
Smaller values will give more conservative estimates of the wind speed at the new 
elevation (Berill). The power law exponent n can be estimated from standard tables  
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(see  Appendix  IV,  table  20).  An  example  below  illustrates  the  impact  of  the 
temperature inversion on the wind speed on Arorae.  
Calculating Mean Wind Speed with respect to TIE 
The mean wind speed derived from the bin method is 4.55 m/s, and 4.13 from the 
Weibull  curve  at  50  m  height.  The  above  modified  power  law  will  be  used  to 
extrapolate  the  wind  speed  at  two  elevations,  10  m  and  24  m  from  50  m.  These 
elevations are relevant as would be considered in the hybrid system design for Arorae.  
To do this simple analysis, the following assumptions are observed: 
  Assume wind speed at 50 m is 4.55 m/s (from above) 
  Assume TIE is significant for the case of Arorae 
  Since the TIE increases with height, assume the temperature inversion factors 
are 1.5 at 10 m and 2.2 at 24 m.  
  Assume power law exponent at 50 m is n = 0.01485 = 0.099 (water surface) x 
0.15 (airport).  This estimate approximates NASA satellite measurement which 
uses  an  airport  terrain  type  at  50  m,  and  takes  into  consideration  the 
surrounding water surface around Arorae Island.  
 
Using these assumptions and the modified power law, the wind speeds at 24 m and 10 
m elevations are calculated as follows: 
a)  V24 = V50 x (Z24/Z50 )
n x IF = 4.55 x (24/50)
0.01485 x 2.2 = 4.44 m/s, and 
 
b)  V10 = 4.55 x (10/50)
0.01485 x 1.5 = 4.39 m/s. T i a n t e   T a r a k i a     P a g e  | 37 
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Clearly,  due  to  the  assumed  effect  of  the  temperature  inversion,  as  well  as  the 
roughness length, the wind speeds are higher at these elevations than originally given 
in data and calculated by other methods. For example, at 10 m height, the wind speed 
now is increased by 12.5 % from the annual average wind speed given in table 4.  
 
 Wind Power and Energy Yield 
Power and Energy are distinct parameters but related. Briefly, the main difference 
between power and energy is that power is the rate at which electricity is consumed 
(kW), while energy is the amount of electrical energy produced or consumed (kWh). 
In wind power design, designers and developers are interested in the annual energy 
yield and energy content of the wind. Wizelius (2007, p. 47)  defines the energy 
content of the wind as “the energy contained in the winds that pass through a vertical 
area of one square meter during one year”, so the energy content of the wind at a 
specific height at a particular site is usually expressed in kWh per square meter per 
year (kWh/m
2/year). By vertical area, it simply means the area of the wind turbine 
rotor that can actually capture the power in the wind. 
 
The power in the wind is extracted from the kinetic energy (KE = ½ mv
2) of the 
moving wind. So the power in the wind hitting a WT with rotor area A is  
 
Pw = ½ Av
3                [4] T i a n t e   T a r a k i a     P a g e  | 38 
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where  is the air density (1.23 kg/m
3)
11 and v is the wind speed. This is the extracted 
power from the wind, in practice however, the actual power extracted by a WT is 
much less than this. The reason is due to the Betz limit (16/27 = 59.3 %) which states 
that no more than 59.3 % of the energy carried by the wind can be extracted by a wind 
turbine. In other words, this is the maximum power that can be extracted in wind that 
can be converted to mechanical energy in turning a rotor. However in practice, most 
WTs are well below this limit. 
From equation [4], the power density (power per unit area) is simply given by 
 
P = ½ v
3 = 0.615 v
3               [5]     
where the air density is assumed to be 1.23 kg/m
3 as stated above.
 The density of air 
varies with the height above seal level (asl) and temperature.  
Because the power in the wind is proportional to the cube of the wind speed, this 
means that when the wind speed doubles, the power increases by a factor of 8. This 
has important implications: i) a small increase in wind speed (e.g. from 5 to 6 m/s) 
produces a relatively large power by ~ 50 %, ii) it is very important to install wind 
turbines at sites with the best possible wind resources (Wizelius, 2007, p. 48).  
 
To  calculate  the  (actual)  Mean  Wind  Power  Density  based  on  a  wind  speed 
distribution (see table 6), the following simple equation is used: 
                                                           
11 Source: Manwell est. al (2004) and Vega (2005). Value at standard condition of 15 ºC at sea level. For higher 
elevations, a density correction must be made. T i a n t e   T a r a k i a     P a g e  | 39 
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Actual
12 Mean Wind Power Density = 0.615 (V
3)mean      [6] 
where  (V
3)mean  refers  to  the  cube  of  mid-point  wind  speeds  which  can  be  easily 
calculated from use of a spreadsheet using this equation: 
(V
3)mean = Σ [frequency x (mid-point bin)
3]  total frequency    [7] 
 
Generally, for Power Generation, it is important to know the following: 
  power source availability 
  Fluctuation of average wind speed in time. 
 
To calculate the annual energy content of the wind, this simple equation can be used: 
E = 0.615 (V
3)mean x 8760  (kWh/m
2/year)        [8] 
which is simply the product of the true mean power density (equation [6]) and the total 
hours in a year. When the WT rotor area is known, multiplying it to the result of 
equation [8] will yield the annual energy yield in kWh/year. 
 
 
 
                                                           
12 By actual this means the wind power density given by equation [6] is the correct equation, otherwise one 
would just use the cube of the mean wind speed which is wrong. Also, by mean, it implies that power density 
is calculated from a mean wind speed that is calculated from a range of wind speed bins taking into account 
their frequencies rather than just using the simple average of these wind speeds. 
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The Annual Energy Yield or also known as the Annual Energy Output (AEO) is 
the best measure of a WT performance according to wind energy experts (NREL, US 
DoE, 2005). It can be computed from this equation: 
AEO = ΣEi = Σ fiPi                [9] 
where 
Ei = Energy per wind speed range or bin i (kWh) 
fi = Frequency of wind speed in bin i (hours/year) 
Pi = Power of WT in a wind speed bin i (kW). 
As shown by equation [9], the AEO must be calculated from the: 
  Long-term Average wind speed 
  Distribution of wind speed (see wind speed histogram, or Weibull) 
  And power curve, from which a power (kW) is determined corresponding to a 
particular wind speed.  
 
Equation [9] is  thorough and so  accurate because it reflects  the variation  in  wind 
speeds represented in the wind speeds distributions. However, it too subjects to quality 
wind data. For a preliminary or rough estimate of the AEO, the following equation can 
be used: 
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AEO
13 = 1.60D
2V
3                [10] 
where  
AEO = annual energy output, in kWh/year 
D = rotor diameter, in m 
V = annual average wind speed, in m/s 
 
Equation  [10]  reveals  the  importance  of  the  WT  rotor  or  rotor  diameter.  That  is, 
increasing the rotor diameter increases the output of the wind turbine. Thus in terms of 
a WT selection, it is cost-effective to choose a high WT with large rotor for optimal 
output.  
Using a PGE 20/25 wind turbine (25 kW) with rotor diameter of 20 m, and annual 
average wind speed of 4.45 m/s (at 50 m), a rough estimate using equation [10] will 
yield an energy output of about 56397.52 kWh/yr.  
 
However, a more accurate estimate using equation [9] and the wind distribution data 
in table 6 (for 50 m height), will yield an annual energy yield (AEO) of 50545.2 
kWh/year, or 48017.9 kWh/year assuming the WT availability of 95 %. On a daily 
basis, the output is ~ 132 kWh/day. This calculation is based on the PGE 20/25 wind  
 
                                                           
13 Original equation by NREL is stated as AEO = 0.01328D
2V
3 in terms of diameter in ft, and speed in mph. This 
has been converted to a form in SI units. T i a n t e   T a r a k i a     P a g e  | 42 
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turbine (25 kW) power curve shown in figure 20 below
14. This estimate suggests that 
the wind  energy output can meet  more  than the average daily load  (70  kWh/day) 
estimated in chapter 2 (further discussion in chapter 7). 
 
  Figure 20: PGE 20/25 wind turbine Power Curve 
 
4.3  RESULTS 
The annual average wind speed and wind  resource parameters calculated from the 
different methods discussed above, at 50 m height for Arorae Island, are summarized 
as follows: 
1)  NASA/SSE annual average wind speed      4.45 m/s 
2)  Bin method/Wind Speed histogram      4.55 m/s 
3)  Generated Weibull          4.13 m/s 
4)  Best-fit Weibull (modeling)        6.61 m/s 
5)  Prevailing winds            north-easterly winds 
6)  AEO of 25 kW PGE wind turbine      136 kWh/day 
 
                                                           
14 Alternatively, a power curve specific to the area can be drawn using the wind speeds distribution and power 
equation. Then from this curve, an AEO can be calculated as above. 
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4.4  DISCUSSION AND CONCLUSION 
A visual inspection (picture 2, p.34) of the trees on the island (during a fieldwork) 
indicated a good wind resource at a potential wind site (north-eastern ocean side). 
From these observations, and using the standard chart in appendix V, it can be shown 
that  the  trees  had  roughly  between  moderate  flagging  (index  III)  and  complete 
flagging (index IV). This shows that the wind speed is between 5 to 7 m/s. This value 
agrees well with the result of the Weibull modelling. 
From experience as an islander, as well as from other islanders‟ views, it is shown that 
the north-eastern ocean side is often windy for most of the time throughout the years. 
Visual observations of high waves at this side is common and persistent (picture 2) 
indicating that the actual wind speeds could probably be in the range between 5-7 m/s, 
such as indicated by the flagging effect, and Weibull modelling. Thus, this implies that 
NASA wind speeds are underestimated. Generally, this hypothesis indicates clearly 
that there is a high wind potential resource on Arorae, especially at  the N-eastern 
coastal side. Put it another way, if long-term on-site measurements are conducted at 
these sites, it is likely that the wind speeds would improve dramatically, given also the 
fact that NASA satellite wind speeds data are only approximate estimates not actually 
taken at the potential wind sites. 
Not only this, but the effects explained above, such as the temperature inversions, has 
been shown to have an effect in increasing the wind speeds at higher elevations agl. In 
conclusion therefore, in regard to the above results and reasons, Arorae has a good 
wind resource at potential wind sites, at the N-E coastal side which could be viable in 
HES applications.  T i a n t e   T a r a k i a     P a g e  | 44 
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5  CNO BIOFUEL TECHNICAL FEASIBILITY 
5.1  Experiences with CNO Biofuel 
The experiences of several PIC and researchers on “the practicability of using coconut 
oil (CNO) as a direct bio-fuel substitute for diesel
15 and as a blended substitute for 
kerosene” (Etherington, 2005, p. 5) have been well researched and documented. In 
light  of  these,  this  thesis  therefore  intends  not  to  reiterate  these  findings  but  will 
briefly summarize them especially those relevant for rural applications in Kiribati. In 
addition, this thesis finds that there still remain some questions on certain technical 
issues on CNO use in a diesel engine (DE), particularly for the context of the Pacific 
region as highlighted in the current literature. Thus, this thesis will also aim to fill the 
gap  in  these  findings  especially  by  assimilating,  collating,  and  analysing  relevant 
scientific and practical evidence that would resolve these questions, in particular the 
problem of deposits formation by CNO.   
 
5.2  Research on CNO Biofuel 
Research  on  CNO  biofuel  as  a  diesel  substitute  has  been  well  documented  by  a 
number of researchers in the Pacific, from results of practical  experiences, official 
assessment on CNO feasibility and scientific studies. These studies will be highlighted 
throughout this chapter.  
 
 
                                                           
15 Diesel has several classes depending on added additives. Diesel no. 2 is one that is generally used in 
automotive vehicles and generators. It is this type which is referred in this thesis. T i a n t e   T a r a k i a     P a g e  | 45 
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Practical  experiences  entail  use  of  CNO  in  electrical  power  DE  as  well  as  in 
automotive DE being carried out by some researchers and enthusiasts mainly in the 
Pacific region. On the other hand, most scientific studies which verify and detail some 
technical issues of CNO use had been carried out mainly in Europe but also in some 
Japanese  laboratories.  Some  of  these  studies  were  part  of  doctorate  and  masters‟ 
theses undertaken in European universities but interestingly were focused on CNO use 
for PIC. More interestingly, most of these researchers are not indigenous natives and 
their works had increasingly aroused interest to PIC leaders and local researchers.  It 
can be said that these researchers are the pioneers of CNO studies for the PIC, and it is 
obvious  from  their  names  being  frequently  quoted  in  current  CNO  literature 
concerning PIC. These CNO giants will also be quoted or mentioned throughout this 
thesis, though the list is not exclusive
16. 
 
Scientific studies on CNO use had already beg un in the early 1980s  (Cloin, 2005; 
Zieroth, 2005),  however it  was  not  until  the dawn o f the new millennium  that 
feasibility studies on CNO use in PIC s gradually began to mature. These feasibility 
studies were carried out as part of renewable energy projects by certain notable 
regional organizations in the Pacific including SOPAC, SPC and SP REP. Most of 
these studies however, had been too general in perspective covering many PIC s or if 
for a particular PIC they have been brief requiring more details
17. The exceptions  
                                                           
16 Some names do not appear here who also made substantial contributions to the understanding of CNO 
technical use. For example, Courty (SPC), and Tony Deamer, an Australian who had set up CNO fuel retailing in 
Vanuatu.  
17 Examples: Pre-feasibility Study carried out by SOPAC and Transenergie (Sauvage & Cloin, 2006) to use CNO in 
a HES for one remote school on Abemama island, Kiribati. This study did not assess how much CNO can 
actually be produced on the island. Other studies are discussed in text. T i a n t e   T a r a k i a     P a g e  | 46 
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include the theses
18 studies focusing on particular PICs by Daniel Fürstenwerth(2006) 
for the Marshall Islands, and William Burnyeat  (2004) for Tuvalu. Gerhard Zieroth 
(2005) conducted a feasibility study of CNO for K iribati in mid 2005 as part of his 
SOPAC/PIEPSAP  mission,  but  nevertheless  mainly  focused on  CNO  centralized 
production by the KCMC on South Tarawa. Jan Cloin, one of the giants of CNO 
studies for PIC, had extensively covered important issues on CNO feasibility but also 
in a general perspective for many PIC. However, his studies were one of the most 
frequently quoted in current CNO studies well documenting practical experiences
19 
and lessons learned from many PIC, as well as laying out opportunities for CNO 
biofuel  projects.  Similarly,  Fürstenwerth  also  documented  well  such  practical 
experiences  and  further  pointed  out  scientific  details  on  CNO  technical  use.  A 
comprehensive scientific analysis on CNO use in DE was, however, first provided by 
a French researcher Vaitilingom as part of his PhD research particularly on the issue 
of  carbon  deposits  formation   (Vaitilingom  (1992,  French  version),  as  cited  by  
Fürstenwerth (2006, p. 61). Another scientific analysis on CNO impact in a diesel 
engine was carried out ear lier in the 1980s by one USP
20 researcher (Solly, 1981, 
1983). In addition, interestingly some Japanese researchers (Herchel Machacon, 2001) 
although isolated from the Pacific region without potential coconut resources, had 
begun prior to 2000 a major scientific analysis on CNO use in a direct injection diesel 
engine. Their results
21 may definitely have underpinned the other technical studies 
particularly that of Vaitilingom (PhD), Fürstenwerth (MSc) and others.  
 
                                                           
18 Although these share some similarities, yet they have their own unique and distinct methods of assessment. 
Likewise, this thesis also has its own unique method with respect to its purpose and the application of CNO.   
19 Cloin himself had practical experiences having experimented with his own car which he ran on CNO. 
20 University of the South Pacific (in Fiji). 
21 They did their scientific analysis on CNO before these guys, and their results had been quoted by these guys.  T i a n t e   T a r a k i a     P a g e  | 47 
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Generally, the cumulative practical experiences and findings on CNO use is not only 
confined in the Pacific region, but practical and scientific results on the use of other 
vegetable oils such as canola or palm oil especially from developed countries had been 
integrated  with  studies  on  CNO.  Many  analyses  on  other  vegetable  oils  had  been 
conducted mostly in Europe in particular Germany, and Australia
22. The experiences 
from these countries on vegetable oils‟ biofuels and biodiesels are considerable and 
have  been  useful  because  CNO  is  found  to  share  similar  properties  as  well  as 
experiencing the same problems that these oils experience in a DE (Fürstenwerth, p. 
79).  
Overall, despite these problems, the findings from CNO studies indicated that CNO 
can still be used safely as a diesel substitute in cases where these problems are avoided 
or minimised such as using very high quality CNO, avoiding low load operations, and 
others. These technical problems along with the technical feasibility of CNO will be 
discussed in the following sections. 
 
5.3  Challenges and Opportunities of CNO 
Despite these developments, there still remain some unresolved questions on CNO 
technical feasibility. Particularly, this concerns diesel engine operational problems and 
the issue of carbon deposits formation by CNO over a long-term application. Cloin 
(2007, p. 126) best summed up this concern saying that “…the technical boundaries of  
                                                           
22 In particular, the Environment Institute at Murdoch University in Australia had already made useful chemical 
analyses on many vegetable oils similar to such tests been carried out in Germany and other developed 
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utilisation are still unclear”. Yet, as Cloin (2007, p. 54) and others (Fürstenwerth, 
2006;  Etherington,  2005)  also  stipulated,  there  are  existing  and  promising 
opportunities of CNO as a diesel substitute in  PIC. These opportunities especially 
entailing CNO technical feasibility, will be briefly examined as a focus of this chapter. 
At the outset, this chapter will first begin with exploring the challenges that CNO 
currently impose on a DE. 
 
1)  Challenges and Technical Issues of CNO as a Biofuel 
It is important to specify here that the scientific theory on the formation of carbon 
deposits by CNO has not been well established yet. Not only deposits formation, but 
other  problems  including  the  cause  of  wear  for  instance.  Hence,  the  remaining 
uncertainties into the nature, and cause of these technical complexities. This is obvious 
from  differences  in  the  conclusions  of  certain  studies  on  these  aspects.  These 
differences will be discussed throughout this section, and at the same time this thesis 
will attempt to draw a conclusion to fill a gap in these findings.  
 
CNO  current  technical  challenges  comprise  of  the  problems  and  technical  issues 
arising from its use in a DE. It is recognized that an understanding of CNO properties 
is essential as the basis to understanding these challenges. In fact, the CNO inherent 
chemical and physical properties are the main cause of such technical problems in a 
DE. Table 8 on p.52 list some important properties of CNO compared to canola oil 
and diesel fuel. These properties will be discussed in light of the problems  T i a n t e   T a r a k i a     P a g e  | 49 
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they  contribute  to.  The  main  problems  and  technical  issues  are  summarized  and 
discussed as follows.  
 
a)  CNO Fuel Consumption  
Fuel consumption is generally not a problem to DE but a significant technical 
issue with important implications on CNO biofuel economics and system design. 
CNO consumption has been shown to be (~ 8 %) higher than standard diesel fuel 
in several test trials,
23 However, a comprehensive scientific analysis carried out in 
a Japanese laboratory by Machacon est. al revealed amongst other findings that the 
high CNO consumption was due to CNO inherent lower heating value (energy 
content). They concluded that because of a low energy content, “more [CNO] fuel 
is needed in order to produce the same amount of energy” (2001, p. 352). 
 
b)  Carbon Deposits formation 
The long-term use of straight CNO in standard DE was found to shorten the engine 
life.  The  main  problem  is  that  CNO  causes  deposits  on  the  piston,  valves, 
combustion chambers, and injectors which can lead to severe loss of output power 
(Cloin, 2007). In fact, this is the main problem of CNO, also experienced by other 
oils. It was also found that a CNO/diesel blend with more than 20 % of CNO is 
questionable in terms of engine durability.  
 
Vaitilingom (1992) provided a detailed scientific analysis on deposits formation 
finding that CNO has the lowest tendency of all vegetable oils to form deposits  
                                                           
23 Most CNO studies had confirmed this, including that of Cloin, Fürstenwerth, Vaitilingtom, etc. The test trial 
can be done easily as an experiment to compare CNO and diesel consumptions. T i a n t e   T a r a k i a     P a g e  | 50 
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because  it  is  the  most  saturated  oil  with  lowest  iodine  value  claimed  to  be 
correlated  to  low  carbon  residue.  This  finding  was  also  confirmed  by  Daniel 
Fürstenwerth (2006, pp. 53,59).  However, this has not been the case with many 
experiences with CNO use (Cloin, 2007) where continuing problems of deposits 
formation is often experienced. Fürstenwerth inferred that the high levels of total 
contamination, phosphorous content and ash content could contribute to the CNO 
tendency  to  form  deposits  as  well  as  to  form  obstructions  in  the  fuel  supply 
system.  (Fürstenwerth,  2006,  p.  59).  He  did  not  elaborate,  however,  on  the 
importance  of  viscosity  on  deposits  formation  as  did  Cloin  and  some  other 
researchers in the Pacific. Ironically, Vaitilingom found and concluded that it was 
the viscosity that is the main reason of carbon deposits formation (2006, p. 47). 
Like other oils, CNO has very high viscosity (30 times) than diesel. This study 
also proves that viscosity is one of the main causes to deposits formation.  
 
In fact, prior to studies on CNO for the PICs, the effect of viscosity on deposits 
formation had already been analyzed in terms of atomization of vegetable oils in 
developed countries particularly in Europe and Australia. These studies confirmed 
that  viscosity  influences  deposits  formation.  One  Australian  report
24  (Biodiesel 
Production and Economics, 2006), reads as follows: 
The viscosity of a fuel is important because it affects the atomisation of the 
fuel being injected into the engine combustion chamber. A small fuel drop is  
 
                                                           
24  In  another  Australian  study  on  biodiesel,  it  reveals  that  the  analysis  on  viscosity  effect  on  deposits 
formation had long been conducted earlier in Europe (Whittington, 2006). 
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desired so complete combustion occurs. A high viscosity fuel, such as raw 
vegetable  oil,  will  produce  a  larger  drop  of  fuel  in  an  engine  combustion 
chamber which may not burn as clean as a fuel that produces a smaller drop. 
Unburned oxidised fuel will build up in the engine around valves, injector tips 
and on piston sidewalls and rings. Biodiesel has a viscosity much closer to 
diesel fuel than vegetable oil. This helps produce a much smaller drop, which 
burns cleaner. 
 
The above statement clearly explains why vegetable oils produce deposits in a DE 
as a result of high viscosity. This thesis however, finds that it is not only viscosity 
that  influences  deposits  formation.  Other  properties  namely  the  Heating  Value 
(energy content), carbon content, and water content are also essential factors that 
influence carbon deposits formation. This principle can be found at the heart of 
biomass studies. These factors however, have not been contemplated seriously or 
been ignored as likely causes by current researchers in CNO field in the Pacific. In 
fact, it is clear that the root problems of biofuels can be analysed based on basic 
principles in biomass analysis. This is what this thesis has considered.  
The heating value (HV) and carbon content (CC) are important determinants of 
complete  combustion.  The  higher  the  HV  and  CC
25,  the  more  complete 
combustion will occur, as such the case for diesel (see  table 8). The HV and CC 
are inherent properties of biomass fuels including vegetable oils or biofuels. 
Carbon content is definitely the important substance in the fuel that must burn in 
the presence of oxygen (equation 11).  
C + O2   CO2 (or CO in incomplete combustion)    [11] 
                                                           
25 It is often mentioned in basic principles that the higher the oxygen, the more complete the combustion. 
However, this is not the case for fuels. This thesis will argue that the oxygen content in a fuel is more related to 
the ignition rather than combustion. It is the oxygen from the air, and not from the fuel, that is important for 
combustion.  T i a n t e   T a r a k i a     P a g e  | 52 
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In other words, the less the carbon in the fuel, the less the substance to burn or the 
less efficient the combustion
26.  Combustion is dependent on oxygen from the air 
but not on oxygen from the fuel molecule
27. The importance of the oxygen in the 
fuel molecule (oxygen content) is its influence on the ignition. This result has been  
  Table 8:  Characteristic Properties of CNO, Canola, and Diesel fuels. 
 
Properties 
 
CNO 
 
Rapeseed Oil (Canola) 
 
Diesel 
C/H/O ratio  0.317/0.631/0.0517    0.357/0.643 
Viscosity @20ºC (mm
2/s)  37  55 (for sunflower)  7 
Cetane number  41  37  50 
Water content (mass %)  0.08-0.20     
Lower Heating Value (MJ/kg)  37.95  37.85  43.8 
Iodine value  12  50 (palm)  
130 (sunflower) 
 
Acid value (mg KOH/kg)  4-15 
0.5 (VCO) 
   
Total Contamination (mg/kg)  71-100     
Ash (mass %)  0.003-0.17 
0.08 (VCO) 
   
Freezing temperature  23º C  -13º C  -35º C 
Specific Fuel Consumption 
(g/kWh) 
 
1014 
   
877 
FFA (%)  0.5-5 %     
Density (kg/m
3)  925  916  836 
Ignition delay (ºV)  6.8  7.9 (palm)  
8.6 (sunflower) 
 
Source: (Vaitilingtom, 2006; Fürstenwerth, 2006; Herchel Machacon, 2001) 
                                                           
26 This proposition is similar to saying that, if carbon is absent in a molecule, combustion will not occur as 
equation 11 implies. Thus carbon and oxygen from the air, are basic ingredients of combustion. Increasing any 
will tend to produce a better combustion. 
27 This is a basic chemistry principle which other researchers in the Pacific have confused, saying CNO has 
lower tendency to form deposits because it has higher tendency to burn cleaner due to its higher oxygen 
content than diesel. Which in fact, proves wrong in practice?  T i a n t e   T a r a k i a     P a g e  | 53 
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confirmed by many studies, especially on other oils and biodiesels. This thesis also 
confirms that the oxygen content is correlated to the cetane number, which is a 
measure of the ignition delay or ability to ignite. Hence CNO is found to have a 
better ignition than the other vegetable oils but diesel fuel is much better due to its 
higher cetane number (2006, p. 5; Fürstenwerth, 2006) and no oxygen content (see 
table 8). Interestingly, the higher the cetane number, the lower the oxygen content 
and so the better the ignition as well as the combustion efficiency. Table 8 above 
shows a comparison of the cetane number and other important properties of CNO, 
diesel and rapeseed oil.  
 
Table 8 shows that diesel has a high HV than all the vegetable oils. This explains 
why it produces little or no carbon deposits formation. Diesel‟s high HV is also 
one critical factor contributing to a lower specific fuel consumption than those of 
the vegetable oils (Herchel Machacon, 2001, p. 355). Essentially, the HV is an 
important measure of complete combustion. The higher the HV, the more 
complete the combustion
28. As found from many studies, the HV varies or is not 
fixed for one particular oil and even diesel. For example, Fürstenwerth was 
perplexed by the variability in the range of values of properties measured for CNO 
from different places, such as table 9 below reveals.  
 
 
                                                           
28 Combustion also depends on pre-mixing conditions of fuel with air. T i a n t e   T a r a k i a     P a g e  | 54 
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Table 9: Specific Properties of CNO. VCO = virgin coconut oil. Source: (Vaitilingtom; Fürstenwerth). 
 
Properties 
CNO  VCO 
Samoa  RMI  Fiji  Vanuatu  Tinytec
h 
Density  
(kg/m
3) 
926  952    925   
Viscosity 
(mm
2/s) 
26  27       
Heating Value 
(MJ/kg) 
37.45  34.95    35.10   
Iodine value 
(g/100g) 
16  7       
Water content 
(mass_%) 
 
0.195 
 
0.081 
 
0.11
9 
 
0.170 
 
0.107 
Total 
contaminatio
n (mg/kg) 
 
71 
 
110 
     
Acid value 
(mgKOH/kg) 
15.2  8.6  4.0  7.0  0.5 
 
Not only the HV that is variable, but other properties as well. The important 
possible reason, as this thesis attempts to explain, could be due to the variation in 
the water content and in the total contamination. The water content is highly  T i a n t e   T a r a k i a     P a g e  | 55 
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subject to the environment and the way the oil is processed, handled or stored. 
Similarly, the total contamination is also subject to the same conditions as for the 
water content. Hence, these properties will always vary from one place to another, 
or over time, and definitely could influence the values of the other properties. 
Despite this variability, it is also clear that these properties at certain conditions 
must have a limit being imposed by their distinct chemical structural composition. 
Hence, CNO like other vegetable oils will always have a lower HV than diesel 
irrespective of time and environment. Likewise, CNO will always have a lower 
iodine value than the other oils because of their distinct chemical structure. Such 
properties are inherent, so called inherent properties. 
 
The variability in these properties, however, has an important implication. It implies 
that  certain  properties  such  as  viscosity,  water  content,  cetane  number,  total 
contamination, etc, can be changed or improved. Even the HV can be improved, that‟s 
why its value is not fixed for different samples of CNO. With this principle, comes the 
fact that biofuels‟ qualities including that of CNO can be improved by complying with 
certain standards
29 whereby certain levels are acceptable for these properties in regard 
to their technical feasibility.  
 
The water content
30 and carbon content are crucial factors affecting the HV and so  
 
                                                           
29 No standards currently available for CNO use in the PIC. However, standards for other oils in developed 
countries have been referred to. 
30 Many biomass studies confirm that water content affects the HV. For example, the IEA (2007) Bioenergy 
Project Development & Biomass Supply, P Trevor (2008) ‘Lecture Note on Biomass, topic 16’, Murdoch 
University, Asian Biomass Handbook, etc. T i a n t e   T a r a k i a     P a g e  | 56 
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complete  combustion.  This  proposition  with  its  scientific  basis  is  discussed  and 
explained as follows. 
 
Naturally, biomass including biofuels contain less carbon and thus have lower HV per 
unit weight than diesel. Diesel has no oxygen content (table  8) but higher carbon 
content. According to the Asian Biomass Handbook (ABH) (pp. 24-25),  
Energy  content  is  an  important  measure  of  complete  combustion.  The  Heating 
Value (HV) is often used as an indicator of the energy content. HV is the amount 
of heat generated when a substance undergoes complete combustion, so is also 
called the Heat of Combustion. HV is dependent on the chemical elements and 
composition in biomass, in particular, oxygen and carbon content. Diesel has a 
higher HV than all the vegetable oils because it has more carbon and less oxygen. 
All  biomass  contain  carbon,  hydrogen  and  oxygen,  so  when  they  burn,  they 
produce water and carbon dioxide.  
 
 
Further, the ABH shows that biomass contains water moisture (water content) and ash 
(amongst others) which varies from one type to another depending on the chemical 
composition. Generally the water content is higher in biomasses and varies from one 
type to another. Most importantly, the handbook states that complete combustion is 
dependent on the water content, the HV, and the available heat (AH). It defines the 
AH as the amount of heat that arises from the endothermic energy of ash, which is 
related to the HV and water content, and can be calculated from this equation [12]: 
 
AH = HV(1-w) – 1000w – [flue heat absorption] – [ash heat absorption]    [12] 
 
where w is the water content.  
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The implication of equation [12] is that when AH is positive, it indicates a potential 
condition  for  combustion.    In  other  words,  if  AH  is  negative,  it  implies  that  the 
condition  for  combustion  is  not  favourable.  Another  important  implication  is  that 
biomasses with  water content exceeding 2/3  will result in  a negative  AH  (p. 26), 
meaning they are not then suitable for combustion.  
 
Clearly, this analysis has important application to vegetable oils as biomass including 
CNO. Since complete combustion is an essential requirement in a diesel engine for 
any fuels including biofuels, thus reduction in water content can improve the HV
31 and 
so complete combustion. In conclusion therefore, removal of water and reduction of 
the viscosity of CNO will enhance complete combustion and he nce minimizing the 
carbon  deposits  formation.  These  are  the  main  factors
32  influencing  deposits 
formation, and certainly not the iodine value which other researchers had speculated 
(Cloin, 2007, p. 19).  
 
It thus might be argued that iodine value or cetane  numbers are  insignificant for 
combustion. A cetane number
33  according to Australian studies on vegetable oils 
(2006, p. 5), is “a measure of a fuel‟s ability to ignite when it‟s compressed”. “The 
higher the cetane number, the more efficient the fuel”. As the paper showed, there is a 
correlation between cetane value and oxygen content (also discussed above). Diesel 
has no oxygen but higher cetane number than the vegetable oils which thus describes  
                                                           
31 Physically, water can be changed but not the HV. The HV can be improved chemically through physical 
changes in water content and viscosity. 
32 It is also interesting to note that practical experiences in the Pacific highly recommended removal of water 
but without realizing or confirming its significance on combustion. In fact, common sense dictates that high 
water content is adversary to combustion. 
33 Octane number, by contrast, is a measure of the ignition property of petrol fuels. T i a n t e   T a r a k i a     P a g e  | 58 
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its better ignition
34 and efficiency property. Similarly, biodiesels have higher cetane 
number  than  vegetable  oil  fuels  because  of  lower  oxygen  content,  hence  better 
ignition,  and  efficiency.  “The  ignition  quality  affects  engine  performance,  cold 
starting,  warm  up,  and  engine  combustion  roughness”  (Biodiesel  Production  and 
Economics, 2006), hence the reasons for such poor performances of CNO and other 
oils owing to their low cetane number.  
 
On  the  other  hand,  iodine  value  has  no  significant  influence  on  the  ignition  and 
combustion. It‟s a measure of the oil‟s saturation. The lower the iodine value, the 
more saturated the oil. Hence, CNO is the most saturated of all oils having the least 
iodine value. This result has been confirmed by many studies on vegetable oils and 
recently on CNO (Vaitilingtom, 2006; Etherington, 2005). The importance of iodine 
value and so saturation property is related to the lubrication property. This implies that 
the more saturated the oil, the better the lubrication. Standards for vegetable oils in 
Australia for example, states that an iodine value of less than 25 is required if the neat 
oils are to be used for long-term applications in unmodified DE (2006, p. 5). This 
implies that CNO with iodine value of ~ 12 is a better fuel in this case. 
 
c)  Difficulty in CNO Compression and Burning 
Specifically, this problem is about CNO ignition during starting of the DE, as well as a 
problem in compressing CNO. The latter is related to the incomplete combustion of 
CNO  in  a  DE.  Obviously,  as  the  preceding  note  indicates,  these  ignition  and 
combustion problems are related to the viscosity, water content and cetane number.  
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DE unlike petrol engines work or burn fuel on the principle of air compression in a 
cylinder, rather than by spark ignition, hence called compression engines. The fuel can 
be  injected  into  a  combustion  chamber  (direct  injection),  or  injected  into  a  pre-
combustion chamber (indirect injection, see figure 21). Combustion occurs when a 
piston rises (by compression ratio (15-22)) compressing the air in the cylinder and 
resulting in a very high pressure and temperature (550 ºC). The heat produced ignites 
the injected fuel-spray in the chamber. Subsequently, gases expand rapidly driving the 
piston  downward  and  thus  supplying  power  to  the  crankshaft
35. Hence the CNO 
quality in terms of viscosity and water content critically play a role in the compression 
process.  
  
 
Figure 21: a) Indirect Injection Diesel Engine, and b) Direct Injection DE. Source: [
36], reproduced 
from (Cloin, 2007, p. 15). 
 
 
 
                                                           
35 Wikipedia 
36 http://auto.howstuffworks.com/diesel.htm.  
piston 
fuel spray 
combustion 
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  Figure 22: Typical Direct Injection DE generator (Source: (Fürstenwerth, 2006)). 
 
An Indirect Injection DE (IDE), however, is not subject to these compression and 
particularly  deposits  problems  because  of  its  high  temperature  at  the  combustion 
chamber. At low loads or idle speeds, the temperature is 400-500 ºC whereas it is only 
100-200 ºC in a direct injection DE (DIDE) (Cloin, 2007, p. 16). This shows that the 
fuel droplets in the DIDE do not burn completely due to the low temperature. This 
implies as well that DIDE will work better at high loads (especially close to rated 
output) such as has been the norm for their efficient operation, much in the same way 
as petrol engines favorably work at. 
 
In addition, difficulty in compression also occurs when the ambient temperature is low 
making the engine difficult to start when the CNO has solidified. While the main 
problem is due to the solidification property of CNO, it is also related to viscosity 
because  solidification  enhances  viscosity  whereby  smaller  droplets  of  fuels  to  be 
injected into the chamber are now difficult to obtain.  In other words, in this situation, 
the atomization rate is decreased thus favouring incomplete combustion. Compared to  
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other oils, CNO solidifies at high temperature (23ºC) than the other oils (rapeseed oil 
at -13ºC, sunflower oil at -5 ºC) (Vaitilingtom, 2006, p. 20). This is a disadvantage of 
CNO which can be a problem on some islands (particularly Kuria, Nonouti, etc, in the 
middle of the Gilbert group) where the temperatures can be very low than usual (to 
23ºC and less) especially during early mornings. 
 
Generally, this result implies that an operation of a DE on CNO must be avoided 
during cold temperatures (at 23ºC and less)
37, or else a DE must be adapted (modified) 
where special heating systems are installed. A method to resolve the problem of 
starting with pure CNO (Whittington, 2006; Vaitilingtom, 2006; Fürstenwerth, 2006; 
Cloin, 2007) is to use a duel fuel system in which an automatic switch system is 
incorporated to allow DE to operate on diesel at low temperature and to operate on 
CNO at rated (high) temperature. Alternatively, a proper blend with diesel, kerosene, 
or ethyl-alcohol can reduce this problem; hence it is an issue of viscosity.   
 
 
d)  Fuel filter Clogging 
Along with carbon deposits, this is probably one of the most common or well-known 
problems arising when vegetable oils are used in a DE. It is also experienced with 
CNO use. The problem is the clogging of the fuel filters which hinders the flow of fuel 
to the engine and ultimately reduces the power output leading to the engine failure 
(Fürstenwerth, p. 18). When clogging occurs and the fuel filter is not replaced or 
cleaned, it can lead to the loss of lubrication in the injection pump. 
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Possible causes to this problem are the formation of deposits and sediments in the fuel 
filters due to the high viscosity of the fuel and possibly high total contamination. 
However, this problem can be avoided or resolved immediately by regular cleaning of 
the  fuel  filters,  or  otherwise  replacing  the  filters.  As  well,  it  can  be  avoided  or 
minimized  by  using  a  high  quality  fuel  with  low  viscosity  and  very  low  total 
contamination
38.  
 
e)  Corrosion/Wear on DE parts 
Clearly, very high acid values of CNO increase risk of wear in the injection system 
(Fürstenwerth, 2006, p. 59) . High acid values could be caused by high water content, 
high total contamination and high ash content, but mostly by the  free fatty acids 
(FFA). Fürstenwerth inferred that the high acidity was attributed to the short FFA 
chain  lengths  which  are  predominant  in  CNO  and  the  high  thermal  stress  during 
drying of the copra and production of the oil. Also, he claimed that the extended 
period  of  time  between  harvesting  and  processing  may  also  have  a  considerable 
influence. The fact, is that, with the presence of water and under high temperature 
(and presence of other catalysts), the FFA will easily form when they break apart (or 
cleave) from glycerin in a triglycerides molecule (see figure 23). This process is called 
hydrolysis.      
 
 
 
 
                                                           
38 Viscosity can also be improved dramatically with heating systems, and filtrations to 10 microns or less which 
will achieve acceptable levels of contamination. T i a n t e   T a r a k i a     P a g e  | 63 
 
Murdoch University  Hybrid System Feasibility_Kiribati  January 2009   
 
 
   
      Figure 23: Chemical Structure of a vegetable oil. (Source: Thuneke, K. est.  
      al, reproduced from Fürstenwerth).  
 
 
In this process, the shorter FFA chains are easily cleaved than the longer chains, hence 
the case for CNO. Since copra naturally has high water content as it is subject to 
heating and damp conditions imposed during making, drying, handling, storage and 
processing, hence hydrolysis can easily occur resulting in the high acidity of CNO.  
 
The purer the CNO is, and the less thermal stress or high heating temperature and 
shorter  time  involved  between  preparation,  drying  and  extraction  of  the  CNO 
feedstock, the less acidic CNO is. This result was confirmed by  Fürstenwerth and 
Vaitilingtom finding that “virgin” coconut oil (VCO) produced from grated coconuts 
has considerably lower acid values than ordinary CNO (also see table 9). However, 
it‟s also clear that VCO has very little total contamination, ash content, and water 
content, so these could contribute too to its low acid value. 
 
Glycerin 
FFA 
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These results essentially have important implications on minimising the problem of 
wear. One, is to ensure a very high quality of CNO in terms of water content, FFA, 
total contamination, and also the length of time between harvesting and processing of 
the CNO feedstock (coconut fresh or copra), as well as the heating process in making  
the  feedstock  particularly  copra  (oven-heated  or  sun-dried).  It  was  found 
(Fürstenwerth,  2006)  that  the  longer  this  time,  the  poorer  the  quality  of  CNO.  In 
addition, sun-dried method was found to yield a better CNO quality than the oven-
heating. 
 
There are also other technical problems that can occur such as injection pump failure, 
and contamination of lubricant oil which at the worst case can also lead to engine 
power failure. These problems are also related to the above. A summary of the main 
problems as discussed above is listed in table 10 below. In this table, possible causes 
and measures to rectify such problems are also outlined. 
 
 
2)  Opportunities of CNO Biofuel 
Despite the challenges  seen with  the use of CNO as  a diesel  substitute, there  are 
promising  opportunities  for  CNO  use.  These  opportunities,  or  specifically  CNO 
technical feasibility as a biofuel, are outlined in table 11. This chart summarises the 
feasibility of CNO in different scenarios, namely its use in either pure form or blended 
with other fuels, and for different cases of DE type and use. Three main cases of DE 
types  are  outlined  namely  an  i)  unmodified  direct  injection  diesel  engine,  ii)  a 
modified or adapted direct injection diesel engine, and iii) an indirect injection diesel  T i a n t e   T a r a k i a     P a g e  | 65 
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engine that is not modified (details in table 11). These are the options in which CNO is 
technically  feasible.  Which  system  and  application  is  suitable  for  outer  islands  in 
Kiribati, is discussed in the following section. 
 
  Table 10: Summary of CNO main problems in a DE, causes, and solutions. 
Technical Problems 
with CNO Biofuel 
Causes  Related causes  Measures/Solutions 
1.  Deposits  i.  High viscosity 
ii.  High water 
content 
iii.  Low Heating 
Value 
i.  Operation at low 
loads. 
ii.  Poor quality of CNO 
iii.  High CNO blend  
i.  Remove water content 
ii.  Improve viscosity by: 
iii.   Blend CNO with diesel, 
kerosene, or alcohol. 
iv.  Filtration to remove 
impurities 
v.  Regular maintenance, fuel 
filter, exhaust valves or 
injector cleaning, etc 
vi.  Adaptation: Add fuel heating 
system or modify engine 
2.  Starting 
(Choking) 
i.  Cold or low 
temperature 
ii.  Low cetane 
number 
 
i.  high CNO freezing 
temperature 
 
i.  Avoid operation at low 
temperature 
ii.  Improve cetane number 
iii.  Adaptation: install electrical 
fuel system,  
iv.  Adaptation: Use dual fuel 
system  
3.  Fuel Filters 
Clogging 
 
 
i.  High viscosity 
ii.  Deposits 
iii.  Sediments 
(contamination
) 
i.  poor CNO quality  i.  Use high quality CNO, low 
viscosity and contamination 
ii.  Regular cleaning of filters 
iii.  Replacement of filters 
4.  Wear  i.  High acidity, 
due to 
ii.  High number 
of FFA 
iii.  High water 
content 
iv.  High total 
CNO 
contamination 
i.  Long duration period 
(DP) between 
harvesting and 
processing of 
feedstock 
ii.  Heating method of 
feedstock 
iii.  Contamination of 
lubricant oil 
i.  Improve quality of CNO in 
respect of the „causes‟ at left. 
ii.  Coconut fresh is better, or 
else use sun-dried method for 
copra. 
iii.  DP should be short. 
5.  Lubricant Oil 
Contamination 
by CNO 
 
i.  Low load & 
cold starting 
ii.  High amount 
of vegetable 
oil 
iii.  Incomplete 
combustion and so 
deposits formation due 
to conditions 
mentioned at left 
iv.  Leakage in fuel supply 
system 
iv.  Ensure complete combustion 
by operation at high load & 
high temperature 
v.  Also high quality of oil must 
be used, or 
vi.  Use appropriate blend, with 
minimal CNO oil 
vii.  Continuous re-filling of 
lubricant oil 
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Table 11: Technical Options in Using CNO in a DE. 
 
CNO vs Blended  1)  Standard Direct 
Injection DE 
2)  Modified (Adapted) 
Direct Injection DE 
3)  Indirect Injection DE 
1.  When to use and 
where? 
i.  Blended CNO 
ii.  Large scale-use, high 
loads operation > 70 
% of rated power 
iii.  Short-term use 
iv.  Only use pure CNO 
of highest quality 
v.  Rural application is 
possible when the 
above are complied 
with 
i.  For pure CNO 
ii.  When load is low (but 
higher is much better) 
iii.  Rural application is 
possible but at higher 
costs 
i.  Pure CNO 
ii.  Blended much better 
iii.  Rural application 
iv.  Low loads OK 
v.  Better at high loads 
 
 
2.  What to do?  i.  Use appropriate 
blends with diesel, or 
kerosene, or alcohol 
ii.  Pure CNO: Remove 
water (max 100 
ppm), FFA (< 10 %), 
contamination 
(filtration 10 microns 
or less), etc 
 
i.  Add fuel heating 
system, extra filters, 
& adapted injector 
to improve viscosity 
ii.  Install electrical 
fuel system to avoid 
solidification 
iii.  Or else, use dual 
fuel system 
iii.  Pure CNO: Remove 
water (max 100 
ppm), FFA (< 10 
%), contamination 
(filtration 10 
microns or less), etc 
i.  can use normal CNO 
ii.  high quality CNO is 
much better 
iii.  Still much better to 
operate at high load 
iv.  Pure CNO: Remove 
water (max 100 ppm), 
FFA (< 10 %), 
contamination 
(filtration 10 microns or 
less), etc 
  
3.  Possible 
Risks/Comments 
i.  Long-term use poses 
problems, esp. with 
straight CNO 
ii.  Quality is essential 
iii.  Avoid Low loads 
operation  
iv.  Avoid low 
temperature 
operation 
v.  The best blend is 
with ethyl-alcohol 
but may be 
expensive, and 
supply is not readily 
available 
vi.  Likely high costs of 
maintenance 
vii.  Use of small direct 
DE is not technically 
feasible  
i.  Continuous fuel 
heating damages 
fuel system 
ii.  Requires frequent 
cleaning & 
maintenance 
iii.  Higher maintenance 
costs 
iv.  Regular supervision 
is essential 
v.  Needs advanced 
skills and qualified 
technicians to 
design, and oversee 
maintenance 
vi.  Low Load operation 
is not a problem 
vii.  Most DE in Kiribati 
are direct injection 
types, though indirect 
types can be 
imported from 
overseas suppliers 
viii.  Regular maintenance 
is also crucial 
ix.  Skilled technician 
must oversee 
operation & 
maintenance 
x.  Most feasible option 
for rural applications 
Note: A modified direct injection DE simply refers to the standard DE which has extra systems or 
components being installed which were not originally included by the manufacturer.  
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5.4  Discussion  
It can be seen that generally there are three main important factors or issues which 
need to be complied with in order to minimise the problems of CNO when used in a 
DE. These are the 
1.  Quality of CNO 
2.  Pattern of CNO usage, and 
3.  Regular maintenance 
 
The quality is very crucial in ensuring minimal problems such as deposits formations, 
fuel filters clogging, wear, etc, which can be caused by high viscosity, high water 
content, high acidity, and so forth. Methods of enhancing quality include blending 
with other fuels, and adaptation or modification of the DE. Without blending, pure 
CNO can be used in the three different cases of a DE. However, a long-term use of 
pure CNO in a standard direct DE (case 1, table 11) is very limited requiring very high 
quality of the fuel, so often poses technical complexities. Thus, this first case will 
work optimally with appropriate blended CNO but also at high load operation. In most 
cases, these optimal conditions are difficult to achieve practically, hence most experts 
on CNO suggest that it is not technically feasible for rural applications.  
The requirements for pure CNO in terms of acceptable levels of certain properties are 
outlined also in table 11. These levels are currently recommended in the literature, 
which are based on practical findings and experiences and on relevant standards for  
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other  vegetable  oils.  One  typical  blend  not  discussed,  in  the  current  Pacific  CNO 
literature is the use of ethyl-alcohol. Although it may not be economically viable 
given its limited supply and possibly higher cost in rural areas, yet, its significance in 
enhancing  the  viscosity  of  the  oil  and  so  minimising  deposits  problems  merits 
consideration.  
The importance of ethyl-alcohol as a vegetable oil blend is based on a finding from a 
research project  (Advanced Combustion Research for Energy  from  Vegetable  Oils 
(ACREVO))  conducted  by a consortium of eight  European research  Institutes  and 
Universities. “The [project‟s] objective was to look at the burning characteristics of 
vegetable oil droplets under high pressure and high temperature conditions, and to try 
and  address  problems  such  as  poor  atomization,  coking  and  to  understand  the 
mechanics  of  deposit  formation  associated  with  vegetable  oil 
combustion”(Whittington,  2006).  The  extract  of  this  analysis,  as  quoted  from 
Whittington (p. 21) is as follows: 
The flames have been studied with particular regard to stable gasses (CO, CO2, NOx, 02 
and hydro carbons), temperature, soot formation and burnout at different rapeseed oil 
preheating temperature. All the data have been compared with those obtained from a 
classic diesel oil under the same burning…The overall combustion Performance of the 
rapeseed oil is very satisfactory in comparison with the diesel fuel while the rapeseed 
produces almost 40% less soot than diesel fuel…It has been established that an addition of 
9% ethyl alcohol (95%) bring a great benefit regarding the pre-heating oil temperature. 
In fact, the presence of alcohol allows a reduction in the inlet oil temperature from 150 
degrees Celsius, to 80 degrees Celsius. Moreover, the combustion of the emulsion  
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produces  less  soot  and  at  the  exhaust,  the  amount  is  almost  one  half  less  than  that 
produced by the rapeseed oil. 
This scientific result indicates clearly the advantage of ethyl alcohol as a vegetable oil 
blend. Not only this, but it confirms the environmental advantages of vegetable oils in 
producing less soot, as well as the importance of temperature on combustion. This 
simply means the impact of viscosity as one factor influencing deposits formation 
through a combustion process. 
The pattern of usage is also very essential and this entails long-term or short-term use, 
and operation of DE at high or low load. In most cases, it was found out that a direct 
injection DE experiences problems when it runs on CNO whether blended or not but 
operating at low loads and over a long period. In addition, it was found out that an 
indirect
39 injection DE can work at low loads with minimal deposits problems, hence 
most suitable as an option for rural applications.  
 
The third factor, regular maintenance, is another critical issue that applies to the three 
cases of DE use. Its importance cannot be underestimated because clearly it has a role 
to curb or mitigate or lessen such problems that can arise from time to time. Its 
downside, however, is that it incurs more costs and so needs to be taken into account 
when planning and designing such CNO biofuel systems projects.  
The option of using biodiesel from CNO is not discussed here, as it is fully covered in  
 
                                                           
39 Indirect injection engines however have lower efficiency and so higher consumption than direct injection 
engines. This makes them less popular now, as the direct engines also emits less emissions.  T i a n t e   T a r a k i a     P a g e  | 70 
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CNO literature (Vaitilingtom, 2006; Gabriele Herber, 1985, p. 70; Zieroth, 2005, p. 5; 
Cloin, 2007, p. 26)
40. Another reason is the fact that biodiesel is not economically 
viable for small PIC s  particularly in rural areas, in terms of the high costs that 
biodiesel production can incur. This fact  has been supported by many studies  which 
also proved CNO biodiesel
41 can be technically feasible like the biodiesel from other 
oils (Whittington, 2006; Biodiesel Production and Economics, 2006). Unless there is 
available  and  cheaper  biodiesel  that  can  be  imported  to  replace  diesel,  then its 
financial viability needs consideration.  
In summary, there are three technically feasible options to using CNO in a DE in the 
context of Kiribati. i) The first option is to use high  quality CNO blended with other 
fuels in a DIDE at high rated loads, ii) Second option, is to use straight but high 
quality CNO in a modified DE, and iii) Thirdly, is to use straight or blended CNO in 
an (unmodified) IDE.  
Option one is simple but requires   large-scale use in order to meet a high load 
operation. Hence, it is not technically feasible for low loads applications on the outer 
islands.  
Option two is complex and advanced, both in refining CNO quality and in the DE 
modification, which certainly wo uld add more O & M costs. Generally, the main 
components of this modified system are: 
1. A second fuel tank   
                                                           
40 This list is not exclusive. 
41 CNO biodiesel, coco methyl esther (CME), is very promising having enhanced lubricity and combustion 
allowing it to be used in a diesel engine without modification. It produces more power, less particulate matter 
or black smoke, and smoother engine performance. The Philippines pioneers in the research on CME with the 
help of German and American Scientists (see Wikipedia). T i a n t e   T a r a k i a     P a g e  | 71 
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 2. A fuel solenoid valve to switch between tank 1 (diesel) and tank 2 (CNO), and 
3. A method for heating the oil (Whittington, 2006). 
In this system, a fuel heating system must be installed to reduce the viscosity of CNO. 
In  some  cases,  an  electrical  heating  system  can  be  installed  to  prevent  CNO 
solidification. There are a number of straight-oils used systems available worldwide, 
that have been in use for a number of years. “The idea of using heated vegetable oil as 
an alternative fuel is not a new one, and has been used successfully in Europe for a 
number of years. In Germany, there are actually small groups of farmers (2-4) who 
grow rapeseed, crush the oil themselves with their own oil expeller, feed the meal to 
their own livestock, and then use the oil in their farm machinery” (Whittington, 2006).  
Also similar systems have been used in some PICs particularly in Fiji. The system 
complexity, requirement of well technically supervised regular O & M and highly 
skilled technicians to oversee these operations, had been the main cause of the system 
failure in Fiji rather than due to the use of CNO. Thus, this type of system (modified 
DE) certainly imposes constraints on the system technical feasibility especially in the 
context of outer islands. 
 
Finally, the third option, using CNO (whether blended or not) in an IDE, is the most 
technically feasible option (please refer to table 11 for details). This system does not 
require  modification  of  the  DE,  and  can  run  on  CNO  at  low  loads.  Hence,  most 
feasible option for rural applications, both at island and community levels on the outer 
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5.5  Conclusion 
High viscosity, water content, and the heating value, are the main factors or vegetable 
oils‟ properties that influence or cause carbon deposits formation in a DE. Related to 
these properties, the carbon content at atomic level is a critical factor that significantly 
influences combustion and the heating value, and thus the formation of deposits. In 
general, the main issue for deposits formation is combustion, which is a function of 
viscosity, carbon content, heating value and water content.  
On  the  other  hand,  this  thesis  finds  and  confirms  that  the  oxygen  content  is 
insignificant for combustion. Low oxygen content tends to favour a better combustion 
and ignition. In general, it is shown that a high cetane number correlates with a low 
oxygen content which is essential for the fuel ignition.  
In addition, this thesis has refuted a theory which claims that iodine value influences 
carbon deposits formation. It argues that iodine value has no significant influence on 
deposits formation; nor ignition, however, it is useful for lubrication purpose.  
Finally, this thesis has confirmed confidently that the most technically feasible option 
at present for power applications in rural Kiribati is the use of an IDE using either 
straight or blended CNO. The issue of carbon deposits formation is not significant for 
IDEs but it‟s a critical issue with DIDE. This is because IDE burn fuel at a higher 
temperature so often achieving complete combustion. On the other hand, the use of 
CNO  in  a  DIDE  is  often  complex  and  costly  requiring  compliance  of  certain 
conditions, hence making them infeasible and economically unattractive especially for 
long term applications on the outer islands. T i a n t e   T a r a k i a     P a g e  | 73 
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6  COPRA AND CNO RESOURCE ASSESSMENT IN KIRIBATI 
6.1   Copra Production in Kiribati 
Copra production data for all islands in the Republic of Kiribati are recorded by the 
Kiribati  Copra  Cooperative  Society  (KCCS)  on  Tarawa
42,  which  is  the  main 
government authority overseeing and responsible for copra purchase from islands and 
export to overseas markets.  
The copra records, often referred to as the  Islands Copra Production, are however in 
fact only records of copra being taken or shipped from the islands to Tarawa. It should 
be noted with caution, however, that although these records can be representative of 
copra production for each respective island, they can be misleading if considered as 
being the „actual‟ production
43. This is because copra transportation
44 or shipment has 
been and continues to be unreliably infrequent and irregular for many decade s now, 
and  the situation is  worst for the islands further away from Tarawa ,  particularly 
islands further to the south.  Thus, the supply of copra on Tarawa is often lower than it 
could be due to this shipping problem. In recent years for instance, (2004-2006), there 
were cases where most copra sheds on the islands were full due to long delay s in 
shipment and the copra had to be stored in other places. Despite its significance, this 
issue is only discussed briefly here given its recognition as a political issue rather than 
an economic one. Therefore, this thesis will focus on quantifying copra production and 
determining as to whether it is economically feasible to utilize copra for CNO biofuel 
production in Kiribati.  Thus to pursue this aim, two major issues are examined,  
                                                           
42 But also every Islands have good records of daily/monthly/annual copra sold to the local copra societies as 
well as amount taken by ship to Tarawa. 
43 Actual Island Copra production can be obtained from each respective Islands’ records. See Arorae Case 
Study. 
44 Also fuel shortage is another major problem caused by transportation problems. T i a n t e   T a r a k i a     P a g e  | 74 
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analysed  and  discussed:  i)  Copra  and  CNO  production  on  Tarawa,  and,  ii)  Copra 
production  and  projected  CNO  production  capacity  on  one  of  the  islands,  Arorae 
island, which serves as a case study for the islands. The main question is how much 
copra and subsequently CNO, can be produced and whether this is sufficient to meet 
the demand for the coconut oil biofuel (CNO) for use in a diesel hybrid electricity 
generation system. 
 
6.2  Outer Islands Copra Production 
Figure 24 below shows the total amount of copra produced by the Gilbert Islands 
group for the years indicated. According to this data, Abemama Island has the highest 
production from 2000 to 2005, while the year 2004 for all islands
45 (except Maiana 
and Tamana) recorded the maximum annual production followed by 2003 and 2001 on 
average.  In most cases, a dramatic drop occurred in 2005. The reasons  for  the 
variations in output will be explored and discussed here too. 
In figure 25 below, the Annual Total Average production for all islands in Kiribati is 
represented for the year 1992 to 2005. As usual, Abemama
46 Island records the highest 
average production value of 1052
47 ton per annum followed by Christmas , Nonouti, 
North Tabiteuea, and Teraina. These islands are amongst the largest in Kiribati,  with 
Christmas Island amounting to half of the total land area of Kiribati. Other than the 
size of the island and the critical problem of copra transportation, it‟s obvious that 
                                                           
45 This record is for islands groups in Kiribati. 
46 From experience, Abemama appears to have the most conducive environment for coconut trees’ growth in 
comparison to other islands in terms of location, weather and size.  
47 These values are annual average production for each particular island over 1992-2005 (figure 2); total annual 
production in presented in figure 3.  T i a n t e   T a r a k i a     P a g e  | 75 
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Figure 24: Kiribati Total Annual Copra Production for Gilbert Group (Based on data from KSO) 
 
Other important factors also contribute and influence the amount of copra production 
for  any  particular  island.  These  factors  include  the  island  location  and  weather 
(rainfall amount and/or drought) (also see figure 43 in Discussion section), bushfires 
(picture 5, Discussion), replanting of coconut trees by local farmers, as well as the 
price  of  copra.  For  example,  if  Butaritari
48  and Abaiang  are compared  to Arorae, 
Butaritari (1349 ha
49) and Abaiang (1748 ha) are  relatively much larger than Arorae 
(948  ha),  yet  their  copra  production  (188  ton/annum,  295  ton/annum,  and  256 
ton/annum,  respectively)  are  quite  close  and  Arorae  even  produces  more  than 
Butaritari (figure 24 & 25).  
                                                           
48 Butaritari, 2
nd to the north of the Gilbert group, is well known to be the ‘wettest’ island with high monthly 
precipitations, whilst Arorae at the extreme south of the group, often experiences long seasonal droughts. 
Prolonged drought and extremely wet lands can reduce coconut yield significantly.  
49 Source: Kinaai (2008), Agriculture Department, Kiribati. 
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Figure 25: Kiribati Annual Averaged Copra Production (Based on KSO data) 
Christmas,  Tabuaeran  and  Teraina,  are  the  only  islands  in  the  Line  and  Phoenix 
groups that contribute to copra production. Yet their productions are quite substantial; 
overall as a group, they contribute from 8 % (smallest share in 1992) to 53 % (in 
2000)  and  14  %  in  2004  to  the  total  Kiribati Copra  Production.  The  annual  total 
average production for all islands came to about 9400 MT per annum for the years 
1992 to 2005 (figure 25, also see figure 26).  
Figure 26 below presents an overview of the Annual monthly total copra production 
for  all  the  islands  for  the  periods  1992-2005,  as  well  as  it  indicates  the  total 
contributions  from  each  of the three respective islands-groups. As shown, there is 
quite a high variation in copra production from year to year with dramatic drops in  
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production  or  dramatic  increases  at  different  years.  As  discussed  above,  there  are 
important factors affecting copra production, however, another important factor that  
 
  Figure 26: Kiribati Annual Monthly Copra Production. (Based on data from KSO, KCCS & KCMC). 
  Note: 2005 data not available for L/Phoenix group islands. So average for this group excludes 2005 
  data. 
 
can also stimulate production is the price of copra which can be seen as an incentive to 
local farmers to produce more copra. This incentive has been and continues to be 
provided  in  the  form  of  a  copra  subsidy.  Different  levels  of  subsidies  have  been 
provided by different governments since independence with an increasing trend to the 
present time. Its impact on copra production is discussed further in the section on 
CNO economics.  
The total annual monthly production for Kiribati (figure 26) was highest in the years 
1994  (11986  MT/annum),  1998  (11,368  MT/a),  1999  (11,765  MT/a),  and  2004 
(12,788 MT/a). The total average for Kiribati as recorded over this whole period is  
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about  9,356  MT  per  annum.  These  figures  are  generally  indicative  of  the  copra 
production  capacity  for  Kiribati.  However,  especially  shipping  problems  impose 
constraints on these capacities. Based on these data, Kiribati is capable of producing at 
peak levels between 12,000 to 13,000 MT of copra per annum (see figure 26). And 
when resolving the shipping constraints and make improvements in coconut replanting 
and other factors that can influence production, the total Kiribati average production 
potential over a 13 year period (figure 26) could be increased by 3000 MT to achieve 
peak  production  of  12,000  MT  per  annum.    For  the  Gilbert  group  only,  the 
production potential would be increased by 5000 MT on average to achieve this same 
peak production.  
 
6.3  Kiribati Copra Export and CNO Economic Outlook 
Copra is the main source of income for most people on outer (remote) islands, as well 
as the main export commodity for the country (figure 27). In 2001, copra accounted 
for about 23 % of total exports (by value) and 13 % in 2002, just behind pet fish
50. 
However, in 2003, copra topped the list and contributed 47 % to total export value. 
                                                           
50 Pet fish has very high value but only benefits a minority of the population, especially on Tarawa and 
Kiritimati. By contrast, copra benefits almost or all people on the outer islands. T i a n t e   T a r a k i a     P a g e  | 79 
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Figure 27: Copra Contribution to Total Export (by value) in 2001 (Based on KSO data). 
 
Since the 1970s and until the establishment of the country‟s first and sole Copra Mill 
(Kiribati Copra Mill Company Ltd – KCMC) in 2002, almost all copra produced was 
being exported. This is clear from the following graph.  
Copra export was relatively high and reached beyond 10,000 MT per annum before 
the new millennium in particular before 2002. Since then (see figure 28, p.102), copra 
export  had  fallen  well  below  the  10,000  MT  (per  annum)  mark.    This  trend  has 
continued until now. From 2000 to 2004 for instance, an average of around 6000 MT 
per annum  was  being  exported out  of around  8000 MT that was  being produced, 
which means about 80 % of copra produced is now currently being exported. The 
other 20 % of copra produced per annum is being used by the KCMC which processes 
it into CNO for export.   
In addition, an average copra export value (FOB
51) of around $300 to $400 per MT is 
currently being earned by the country since 2000. This value is just the international 
                                                           
51 Free on Board, excludes external freight and insurance costs. 
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Figure 28: Kiribati Annual Copra Production, Export and Value (Based on KSO Data). 
market price of copra. By comparison, the world market price for CNO in mid 2006 
was more than $500 per MT (see figure 38) and was soaring up to $700/MT in 2006.  
The net value of 1 MT of CNO to KCMC is in the order of US$450 in 2005 (Zieroth, 
2005)  after  discounting  of  expenditure  costs  incurred  in  supplying  CNO  to  the 
international market.  
Although the copra quantity exported started to drop since 2002 due mainly to use for 
copra oil, it continues to remain a major and essential export commodity. One obvious 
reason  is  the  lack  of  industrial  activities  that  could  have  been  generated  by 
government to boost or increase the export commodities and hence revenues for the 
country. Most export commodities as the pie graph (figure 27) shows are just non-
industrial primary products.   
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Despite this high dependence on copra as a major export item, the economic return to 
the industry and the country is unfavourable. As figure 28 suggests, the export value 
of  copra  (earned  by  Kiribati)  is  highly  fluctuating  and  low  thus  reflecting  the 
fluctuating world price of copra. For example, the export value (revenue) of copra was 
$417/MT, $636/MT, $350/MT, and $733/MT for the years 1974, 1984, 1989, and 
1999, respectively. The average of these values is $534/MT or equivalent to 53 c per 
kg of copra. In 1995, the revenue was $485/MT or 48.5 c per kg of copra. During this 
period, the local price of copra paid to the copra cutters is 40 c per kg. Clearly, the 
differential between the copra revenue and local copra price is very small (8.5 c/kg), 
even without accounting for other costs such as copra transport costs to Tarawa. This 
thus implies little (or negative) gain from the copra export. In fact, in the 1990s, the 
local price was subsidised by about 20 c per kg by the government which clearly 
suggested  that  the  real  value  of  copra  export  earned  by  the  government  (copra 
industry) was below the copra production costs. These production costs also include 
the subsidised shipping costs of copra from the islands to South Tarawa. Thus, in 
simple terms, it is clear that the country incurs more costs in producing and exporting 
copra. As a result, the government continues to subsidise copra. This unfavourable 
economic situation is due mainly to the low world market prices for copra and poor 
prospects for increased prices in the future (also see Zieroth, 2005 & Hay, 2006, p.7). 
The  international  market  price  for  copra  remains  low  at  around  $400  per  MT 
compared to a better price of CNO of more than $600 per MT in 2005 and 2006. 
However, for the benefit of the people on the outer islands who rely on copra as a 
major  source  of  income,  it  thus  seems  impossible  to  avoid  this  subsidy  now  and 
perhaps for many decades later.   T i a n t e   T a r a k i a     P a g e  | 82 
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With  regard  to  this  persistent  unfavourable  economic  situation  of  copra,  the 
implication is that there is an opportunity cost that could be more beneficial and viable 
to the country‟s economy. As already contemplated by some notable researchers on 
CNO biofuel (Cloin, Zieroth, Etherington, etc), the current opportunity cost would 
entail the set up of a completely new infrastructure for copra oil production to produce 
CNO biofuel as a diesel substitute. This presumes that it is more economically viable 
to utilize copra resource into CNO biofuel  as well as CNO export  than for copra 
export. This presumption or proposition underlies one of the main aims of this thesis. 
In line with this proposition, this thesis will attempt to analyse the economic viability 
of CNO mainly on three critical issues: i). viability of CNO as a biofuel in a rural 
context, that is, its application to outer islands, ii). viability of CNO as an alternative 
fuel at national level, and iii) viability of CNO as an export commodity in place of 
copra. The above analysis has in fact shown the economic unviability of copra export.  
 
6.4  Copra Oil and CNO Production in Kiribati 
The KCMC is the ambitious venture of the Tito government which was established in 
June 2001 and which started operation in October 2003. Its crucial role is to utilize the 
coconut/copra resources to produce copra oil and copra meal for export. 
It‟s also currently producing other copra-based products including soaps, shampoos, 
body and cooking oil, and others for domestic sales that would substitute for imported 
oil-based products.  
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Figure 29: CNO Monthly Production at KCMC (Based on KCMC data). 
 
Figure 29 shows that the average total monthly CNO production is between 120 and 
400 MT per month or an average of 260 MT per month (for years 2004-2006). This 
value translates to an average annual CNO production capacity of 3120 MT/annum 
and peak production capacity of the order of  5500 MT/annum (based on August 
2005).  
Such estimates had also been made recently in certain consultancy reports. One is a 
brief report by SOPAC (Zieroth, 2005) which estimated the copra annual production 
at 12,000 MT/annum and CNO production of 6500 MT per annum based on the mill 
extraction rate
52 of 0.55 kg of coconut oil (CNO) per kg of copra. The other is the 
ADB consultant‟s report by Hay est. al (2006, 115) which only briefly stated without 
analysis that “the annual capacity of the new mill is 5,000 ton [MT] of CNO.”  
 
                                                           
52 also refer to appendix VI for extraction rates 
Monthly Total Copra Oil Production at KCMC (2004-2006)
0
100
200
300
400
500
600
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
A
m
o
u
n
t
 
i
n
 
M
T
2004
2005
2006T i a n t e   T a r a k i a     P a g e  | 84 
 
Murdoch University  Hybrid System Feasibility_Kiribati  January 2009   
 
 
Overall, however, it can be seen that a peak production capacity of CNO is often 
difficult  to  achieve,  probably  due  to  a  number  of  constraints.  In  fact,  the  high 
variations in output (see figure 29 & 30) are clear indications of the existence of such 
constraints. These constraints are clearly related to copra supply or availability, and 
hence shipping problems. In recent years on several occasions, it was reported that the 
KCCS had restricted supply and even provided copra of low quality to the KCMC. 
Other important factors
53 that contribute to the variation in outputs  include the non-
operation or shutdown of the mill for maintenance, long public holidays (one week in 
July every year for independence anniversary), and other reasons.     
 
 
  Figure 30: Daily Average CNO Production at KCMC (Based on KCMC data) 
 
In figure 30 above, a monthly average daily  CNO production is shown for 2005 and 
2006. Using this data, an estimate on the production capacity can be made similar to  
                                                           
53 These factors were known from official experience, as well as from copra oil data from KCMC. 
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the previous analysis. For example, it can be estimated based on this data that the 
average  daily  CNO  production  is  about  15  MT/day.  This  is  equivalent  to  5201 
MT/annum (assuming 95 % availability of plant). In December 2006, it is shown that 
the mill has produced at peak levels a daily average amount of 19 MT/day or 6588 
MT/annum. Clearly, without shipping and other critical constraints, the production 
level of CNO could increase to about 7000 MT/annum. Although reasonable estimates 
can be made on KCMC CNO production capacity, as a matter of fact, the true and 
consistent production capacity is currently quite uncertain due to these constraints that 
continue to hinder supply and production and thereby impose a variation in the output 
over time. Therefore, a reasonable and safe estimate can be assumed to be around 10-
14 MT/day or 3467-4854 MT/year (at 95 % plant availability).  
In December 2006, the KCMC produced at peak level 19 MT/day of CNO, or an 
average monthly total of 589 MT. At an export price of $711.54 at that time, this 
amount could have earned the company $419,097 for that month. The lowest average 
daily  production  in  2006,  occurred  in  February,  with  an  amount  of  7 MT/day,  or 
average monthly total of 203 MT per month. Similarly, at an export price of around 
$470/MT for this period, this amount could have earned the KCMC $95,410. These 
values  indeed  only  indicate  or  characterise  the  range  of  revenue  earnings  by  the 
KCMC.  
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6.5  Copra Production on Arorae – Island Case Study 
A lot of useful information on actual copra production over time can be obtained from 
records by the islands‟ local copra societies. These copra data basically record the 
daily amount of copra sold to the islands‟ copra societies by the people
54 over a day, 
month and year (picture 3), and indicate the actual copra production and capacity. 
They also clearly show the quantities of copra being taken to Tarawa by ships at 
particular times, the total amount accumulating over time as well as the remaining 
amount left after shipment. Thus, in general, the islands copra data reflect the actual 
copra production for an island over time. Interestingly, these local data also contain 
information about the shipping or transportation problems
55 such as will be examined 
for Arorae case study.  
 
Picture 3: 1) Sample of Copra Production data on Arorae..  2) Scene of copra storage shed. 
 
 
 
                                                           
54 Copra cutters. 
55 Until now, copra transportation problem has not been seriously addressed and resolved by government. T i a n t e   T a r a k i a     P a g e  | 87 
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 Arorae Monthly and Daily Copra Production 
During the site visit to Arorae, the daily values of the copra supplied to the copra store 
over  the  period  March  2007  to  September  2008  were  obtained  and  processed  to 
identify the actual resource available on this island.  Copra produced over time on 
Arorae is quite fluctuating, though a monthly daily production presents a somewhat 
interesting pattern as the following graphs (figure 31 & 32) reveal.  The daily average 
production can be approximated with a smooth trend curve to yield a pattern showing 
minimum  production  occurring  around  June-August  in  2007,  and  peak  production 
around June-July in 2008. The curves, however, did not include data for the year 2006 
and earlier. 
 
Figure 31: Monthly Daily Copra Production on Arorae (Based on Arorae CS data). 
 
Figure 31 presents the total daily copra production for the specified dates indicated. 
The maximum total production amounts to around 1.3 MT/day and with lowest record 
around 0.2 MT/day. The average maximum production as the trend curve shows is  
Monthly Daily Copra Production on Arorae Is.
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around  0.8  MT/day.  This  result  agrees  well  with  figure  32.  Figure  32  just 
 
  Figure 32: Monthly Daily Average Production on Arorae. 
records the average daily production (not total) for every month (details in table 12), 
and as expected, it produces the same production pattern (see trend curve) as observed 
in figure 31. 
A maximum of 0.9
56 MT/day was recorded for the month July 2008, and lowest in 
September 2007 (0.34 MT/day). Overall, an average of 0.59 MT/day is produced.  
 
 Copra Shipment and Surplus Patterns 
How frequently a ship comes to Arorae to take the copra to Tarawa (KCCS) can be 
clearly seen from figure 33, 34 and table 22 (appendix VII). These data also indicate 
how much surplus copra or amount is left over after shipment.  
 
 
                                                           
56 Compare to daily total curve maximum average: discrepancy of 11 %. 
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Table 12: Average Daily Copra Production on Arorae 
Months/Year  Monthly Daily Average (Tonnes) 
Mar-07  0.576 
Apr-07  0.371 
May-07  0.453 
Jun-07  0.408 
Jul-07  0.409 
Aug-07  0.377 
Sep-07  0.344 
Oct-07  0.405 
Nov-07  0.530 
Dec-07  0.510 
Jan-08  0.661 
Feb-08  0.638 
Mar-08  0.742 
Apr-08  0.759 
May-08  0.748 
Jun-08  0.726 
Jul-08  0.896 
Aug-08  0.793 
Sep-08  0.789 
Average:  0.586 
Source: Compiled from Arorae Island CS data 
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Figure 33: Total Monthly and Daily Copra Production on Arorae, showing amounts taken by ships 
 
The  above  curve  (also  refer  to  figure  34  below)  shows  that  copra  shipment  from 
Arorae is highly irregular, infrequent and so uncertain as indicated by the width of the 
gaps in the curve. The period between shipments can be as short as 4 days and as long 
as 90 days (3 months). On average, the shipment frequency is 35 days (or at least 1 
month). Due to this irregular and infrequent shipment, the amount taken and left over 
is also highly variable. On average, though, ships take about 21.2 tons of copra from 
Arorae at least every month
57 with a left-over amount of 9.3 MT/month. The amount 
left over after shipments, however, as the above curve suggests, can easily be all taken 
by ships resulting in an empty copra shed (consider periods 11/06/2007 to 13/06/2008, 
figure 33, also see figure 34). In other words, the remaining copra after shipments will 
just take another large shipment to take them all. This thus shows that there is really  
 
                                                           
57 Assume on average that the ship’s duration of 35 days is close to 1 month. 
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47.004 tonnes so total 
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no surplus copra that is currently available for Arorae. The amount left over is only 
due to the problem of irregular shipments. 
 
  Figure 34: Copra Shipments Pattern on Arorae – Any Surplus? 
 
 Copra Yield 
Copra Yield refers to the amount of copra that can be produced per hectare of land. 
Thus it indicates the maximum production capacity for a particular area. In practice, 
the actual production will be well below this amount due to certain constraints such as 
less than ideal growing conditions, etc.  
There are several methods that can be used to estimate the yield, and it can vary from 
one type of biomass resource to another.  Box 1 below explains how the copra yield 
and production for Arorae Island are estimated. The results are then compared to the 
actual copra production data. 
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  Box 1: Estimate of Copra Yield & Production Capacity 
1.  Size of Arorae: ~ 7.8 km
2 = 780 ha (estimate using Google Earth tool) 
2.  On almost every coral islands in Kiribati, ~ 70 % is covered by coconut trees (Kinaai, 
2008). In every 1 km
2 of this (70%) land, there are 14721 coconut trees. But out of 
this area (1 km
2), 6771 coconut trees are senile. In other words, the number of 
productive coconut trees is 7950 per km
2. 
3.  That is, there are 79.5 or about 80 productive coconut trees per hectare (ha) [1 km
2 
= 100 ha] on the islands. 
4.  Thus Arorae has about 62010 productive coconut trees. 
5.  Annual Yield under optimum conditions (optimal spacing, well managed and 
fertilized, and high rainfall) is around 2.25 to 3.02 MT of copra per ha, according to 
Trewren (1986, 24). Also, 5000 coconuts per MT of copra can be produced under 
optimal conditions (Trewren).   
6.  Arorae is clearly often experiencing unfavourable coconut growth conditions (e.g. 
droughts), thus it is safe to assume here an average yield relevant to Arorae’s 
environment (NASA data shows 22 years-average rainfall of 4 mm
2/day). 
7.  Thus, an estimate for Arorae Yield is less than 3 tonnes of copra per ha, and must be 
greater than 5000 coconuts per tonne of copra.  
8.  Data from Arorae (Raerae, 2008) show the following: 
1 large flexi copra bag (“te rii”) weighs about 50 kg. And 1 bag contains ~ 300 
coconuts that have been turned into dry copra (> 300 if the coconuts are small). This 
means 1coconut can be turned into 0.16 kg of copra. Or 1 tonne (MT) of copra can 
be produced from 30,000 coconuts! (Compare to Trewren’s estimate).  
9.  Calculate Production capacity using these two scenarios: 
i)  Assume Annual Yield of 1.0 MT of copra per ha under normal conditions. 
Thus, Arorae is capable of producing 780 x 1.0 = 780 MT of copra annually, 
or equivalent to 2.1 MT of copra per day.  
ii)  Alternatively, using 30,000 coconuts/ton of copra (from above), Arorae can 
produce about 62010 coconuts  30000 coconuts/MT of copra = 2.1 MT of 
copra per day. 
10. Results: i) Copra production capacity on Arorae is in the order of 2.0 MT/day. 
Clearly, this is the peak capacity achievable under good growth conditions. 
Compared to actual copra production of around 0.5 - 1.3 MT/day (figure 31 & 32 or 
table 12), this estimate is quite higher (> 20 % difference), indicating that this 
production capacity has not been achieved in the years 2007-2008 possibly due to 
growth constraints and other factors. ii) Copra Annual Yield: Clearly, the yield of 
between 2 to 3 MT of copra per ha (as suggested by Trewren) is overestimated for 
Arorae’s case. In fact, Trewren based his analysis on optimal conditions, and on more 
less dry islands. Hence an estimate of 1 (or less) MT of copra/ha is reasonable and 
appropriate under Arorae normal growth conditions. By normal conditions, it is 
meant here no enhanced or artificially created conditions such as use of fertilizers, 
and others.   T i a n t e   T a r a k i a     P a g e  | 93 
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6.6  Small-scale CNO Biofuel Production 
Currently, due to increasing interests in CNO as a biofuel, small-scale production of 
CNO is now possible with commercially available technologies in the market. These 
technologies  namely,  the  small-scale  copra  mills  are  capable  of  producing  good 
quality CNO at sufficient quantities appropriate for remote islands‟ use. One such 
technology is called the Direct Micro Expelling (DME) technology, pioneered and 
currently sold by KoKonut Pacific in Australia. It has been introduced into some of the 
PIC (Vanuatu, Fiji, Marshall Islands, Tuvalu, etc) since before and after 2000, and can 
allow for the commercial production of Virgin Coconut Oil (VCO) at a farm level 
(Etherington 2005, p.1 & Burnyeat, 2004).  
VCO is produced from the grated coconut white flesh (solid endosperm, figure 35), so 
is much purer and of high grade quality than the oil from copra (CNO) which certainly 
has been contaminated with dirt and other impurities, and affected by the heating-
drying process. 
 
Figure 35: Diagram of a Coconut (Source: University of Hawaii, reproduced from Burnyeat).  
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The DME mill units according to Etherignton
58, can produce between 30 to 50 liters of 
oil per day on a regular basis. By contrast, the mill technology used by the KCMC in 
Betio Tarawa is designed for large scale centralized use. It uses copra instead of 
coconut fresh as the copra is easier to obtain or readily available from the isolated 
outer islands. Its current average production ranges from 16000
59 to 17000 liters of 
CNO per day.  
Other types of small-scale units appropriate for CNO production at rural community 
levels are also currently available. Products exist in Asia including India. One typical 
example is shown in figure 36 below. The principle of oil extraction is similar to that 
of large-scale mills. With this small-scale copra mill, one ton of copra can be  
 
  Figure 36: Small-scale copra mill (Source: Hay).   
 
 
                                                           
58 Did a research doctorate on CNO biofuel use in the South Pacific region in 2004, and now Managing Director 
of Kokonut Pacific Pty Ltd. 
59 value calculated from CNO data above. 
1 
2 
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processed to produce 600 L of CNO a day (John Hay, 2006). The major components 
include the coconut grinder [1] which cuts and grinds the copra into fine pieces, the oil 
press [3] which extracts oil and also removes major impurities, and a filter press unit 
[4] which further purifies (filters) the oil through a filtration system. 
Another similar small scale mill developed and exported from India is called a ghani 
mill. It uses copra as a raw input and can be operated by 3 or 4 people. Apart from 
other materials
60, its daily requirements are i) 500-600 kg copra, ii) 9 litres diesel fuel 
for its 3 hp motor engine, iii) and ~ 30 kWh/day electricity. Its major outputs based on 
an  8 -hour  operation,  are  320  kg  of  crude  oil  and  213  kg  of  cake  
(www.appropedia.org).  
 
6.7  Scenario of CNO Biofuel Production on Arorae 
The scenario and opportunity in producing CNO on the outer islands seems promising 
given the fact that small-scale mills are commercially available and coconut and copra 
is readily available on the outer islands. Apart from certain socio-economic issues that 
can contribute to  the success  of such ventures  if so  introduced to  the islands, the 
amount of available copra is one very critical issue that merits consideration
61. How 
much  copra  is  available  and  so  how  much  CNO  can  be  produced  with  these 
technologies to meet the CNO biofuel demand forms one major question being 
addressed in this thesis. In this consideration, the research attempts to determine the 
amount of surplus copra that is readily available after shipment and so that will not  
                                                           
60 5-6 kg of gum accacia needed for copra processing. 
61 Cloin (2006) earlier argued that the supply of CNO is more crucial for the viability of CNO. He argued that the 
technical issues of CNO in regard to its use in a diesel engine can be resolved.  T i a n t e   T a r a k i a     P a g e  | 96 
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sabotage the current copra trade of the island and the country at large. From this copra 
amount, and given the milling capacity of a particular type of small-scale unit, the 
amount of CNO can be calculated. The feasibility of CNO production can then be 
determined but subject to the availability or supply of copra. This analysis is done for 
Arorae Island as a case study for the Kiribati islands. Thus, this chapter will determine 
whether CNO production is economically feasible on outer islands. 
From  previous  sections,  the  average  daily  copra  production  has  been  found  to  be 
around 0.8-0.9 MT/day, but with no definite surplus amount. However, considering 
the production capacity of 2.0 MT/day, this means there is a possibility for the people 
to produce 1.0 MT/day. This amount is assumed to be the surplus copra required for 
CNO production. Assuming such a typical mill (figure 36) has an average milling 
capacity of 500 L CNO per ton of copra per day, then 1 mill unit of this kind can 
produce around  500  L  of CNO per day  (based on 1.0 MT/day). On a worst  case 
scenario, if the milling capacity is assumed to be 300 L per MT of copra, and the 
surplus copra is only 0.2 MT/day, this will yield an amount of 60 L of CNO per day or 
an annual output of 20805 L (assuming 95 % mill availability). Clearly, this amount is 
more than adequate for a medium or even large diesel genset‟s fuel requirement. This 
amount will be able also to provide fuel for the mill‟s engine. Therefore, generally, 
CNO production on Arorae is viable. Considering the much higher copra productive 
islands such as Abemama, etc, CNO production obviously will also be viable on these 
islands. 
Along with CNO local production on the outer islands, the cost of producing CNO is 
also important to consider. This is because the real economics of CNO biofuel will be  T i a n t e   T a r a k i a     P a g e  | 97 
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determined from this production cost, and in turn will determine the cost of CNO 
biofuel, or specifically the levelised (unit) cost of CNO (in $/L) . This calculation is 
explained  in  appendix  VIII,  which  yields  a  unit  cost  of  CNO  at  approximately 
$0.80/L. This CNO price will be used as an input in the HOMER HES design using 
CNO biofuel (Chapter 7). 
 
6.8  Copra National Issues 
Copra Subsidy and Politics 
Kiribati  Copra  production  data  (see  figure  28)  somewhat  indicates  a  correlation 
between  production  and  subsidy
62  (although no  subsidy  costs are  represented in 
graph). When the subsidy is increased in the form of increased price of copra t o the 
copra cutters, there is markedly a sharp increase in production immediately in the first 
years after the change takes effect.  This correlation  or impact of copra subsidy on 
production is explained as follows.  
Since the first government after indepen dence (in 1979) led by Ieremia Tabwai, the 
local prices of copra had been highly volatile during different years. Interestingly, it is 
worth noting that the copra price issue has been used in Kiribati politics as a powerful 
political tool to gain and retain political leadership, and also seen to have considerable 
influence
63  on copra production. Such a case  was evident with all the different 
governments since independence, but more so with the Tabai government. 
                                                           
62 data on actual annual subsidies are not available. Estimate on these is discussed in the next sections.   
63 Whilst there are other factors which influence the variation in copra output such as discussed in section 6.2, 
etc, the impact of copra subsidy is also considerable. T i a n t e   T a r a k i a     P a g e  | 98 
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Recognizing the high dependence of the outer islands people on copra as a major and 
readily available source of income, the Tabai government used to raise the price of 
copra when the general election was just approaching. Then after the election, the 
price went down again as usual to a price mainly dictated by the international copra 
market. During these times, the price was really low at just $0.20/kg.  The second 
government then led by Teatao Teannaki (but from the same party as Tabwai), also 
used the copra subsidy as a political campaign tool to attract popular voting approvals. 
Interestingly,  figure  28  reveals  a  pattern  of  ups  and  downs  in  production  roughly 
occurring  in  rows  of  3  to  4  consecutive  years.  The  large  increase  in  productions 
seemed to occur in these years following the elections such as in 1981, 1984, 1988-89, 
and so forth. When the Tito government came in the early 1990s, it introduced a 
remarkable increase in the price to $0.40/kg. This was seen as a big change for better 
because it not only raised the price from a long-time low in previous years, but also 
managed  to  maintain  it  even  after  the  elections.  Thus,  the  approach  by  the  Tito 
government can also be said to be more economically rational rather than political. It 
not only fulfilled its political campaign pledge, but also had competently sought an 
alternative funding source
64 for the copra subsidy (~$0.20/kg copra) which avoided 
using the national Revenue Equalisation Reserve Fund (RERF)
65. No doubt the more 
consistent high productions during these periods of Tito‟s government (1990s to 2000) 
can be attributed in part if not at all to this effect.  
                                                                                                                                                                                      
 
64 Funded from STABEX , a European consolidated fund. 
65 The National Budget is wholly funded from the RERF interest. The RERF is invested in overseas banks, 
currently has exceeded $600 million. The fund originally came from the Banaba phosphate’s revenue, which 
was just less than $50 m before independence (1979). Since independence and until now, the fund has 
accumulated through savings interests as a result of prudent and well coordinated governments’ 
management. T i a n t e   T a r a k i a     P a g e  | 99 
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Then again, a large and rapid increase in production occurred after 2003 coinciding 
with the advent of the new government led by Anote Tong. The Tong government had 
also generously raised the price of copra even higher to $0.60/kg with a subsidy of 
$150
66 per MT of copra. Like the Tito government, this price was a fulfilled election 
campaign pledge which remains fixed and unchanged, even after the election. But 
unlike Tito approach, the funding now has to be supplemented in the national budget 
which effectively has to be funded from the RERF. 
 
Economics of Copra Subsidy  
Obviously, the above political highlight of copra subsidy renders support to the 
famous macroeconomics law of supply:  When  price  increases,  supply  increases. 
Hence, its advantage is that it can stimulate copra production essential for the current 
copra  trade.  But  for  how  long  this  growth  effect  will  continue,  whether  it‟s  only 
temporary for a few years or otherwise, merits of course further research which is out 
of the scope of this thesis. 
 
Although the price has been raised higher, still it is considered low and insufficient by 
the local people given the demand of the growing capitalist economy and monetized 
system on the islands. Paying school fees and other social basic needs cannot be met 
alone from the income earned from copra. However, the lack of economic  
                                                           
66 Source: Hay, stated that the government subsidies copra by 15 c per kg. A different source (Zieroth) stated 
differently the subsidy at US$245 per MT or 25 c per kg. 
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opportunities on the islands is making the situation even worse. At the same time, the 
government is finding it difficult to even raise the copra price much higher given its 
limited financial resources. Currently, at a price of $0.60/kg of copra paid to copra 
cutters, a copra subsidy
67 costs the government about $150 per MT of copra  (John 
Hay, 2006). This means that the country‟s copra annual production of 12,000 MT 
could cost the government a sum of $1.8 million in copra subsidy. The total actual 
annual subsidy clearly changes with respect to copra production as a function of time. 
 
6.9  CNO vs. Diesel Fuel Use 
Cost of CNO vs. Diesel Fuel
 
  Figure 37: CNO & Diesel Prices on South Tarawa (Based on KOIL, KCMC, and KSO data). 
 
                                                           
67 Subsidy is a function of the local production costs of copra, and copra value (revenue) from export.  The 
actual value (beach price) takes into account all the costs incurred. Since export value fluctuates over time, so 
is beach price and hence subsidy. For e.g., in 1995, the beach price of copra was ~ < 48.5 c/kg (section 6.3) and 
copra price paid to people was 40c/kg. Thus, taking into account the production costs, the subsidy during this 
period was around 20 c/kg or $200/MT (or more). I use 1995 data because 2006 copra export data is not 
available. 
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Figure 37 presents overall estimates of the prices for CNO and diesel for different 
cases such as shown for the years 2006 to 2007. Diesel price has gone up rapidly since 
2000 and its retail price has gone up to $1.50
68 per liter in 2007, a period of peaking 
world oil price due to the world oil crisis at that time. In comparison, the world market 
price for CNO also has grown strongly; however, its domestic retail price by the 
KCMC has hardly changed at $1.20 per liter. In 2006, CNO world  export price was 
more than $500 per MT and has grown rapidly to more than $1000 per MT in 2007  
and 2008 (figure 38).  
The landed cost of diesel is considerably higher compared to other PICs owing to low 
volume, long distance and high transportation costs  (Wade, 2004). Even worse, the 
widely dispersed
69 islands incur more transportation costs that ultimately roll over to 
the higher retail costs on the outer islands. As a result, the government has been forced 
to subsidise the freight costs of benzene and kerosene. Hence, benzene and kerosene 
cost the same  on outer islands  as on South Tarawa. On the other hand, diesel costs 
higher on the outer islands as it is not currently subsidized. In addition, with benzene, 
diesel carries an import duty of 6 c/L (with 7 c/L for benzene) as of 2004; the other 
petroleum products are exempted (Wade, 2004, p. 17).  
 
 
 
 
 
                                                           
68 On the outer islands, it was more than $1.50/L in 2007 to 2008. 
69 Compared to Tuvalu, the islands of Tuvalu are much closer  to one another so distance and transportation is 
not serious as in Kiribati.  T i a n t e   T a r a k i a     P a g e  | 102 
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  Figure 38: Export Price of CNO as earned by Kiribati (Based on KCMC data). 
 
In 2007 to 2008, the KOIL Company had to receive substantial subsidies to cover 
higher costs of fuel. This government subsidy
70 was mainly adopted to minimize or 
contain the large increase in fuel costs that could spread to the retail outlets with 
disastrous economic impact to the people.  
 
During a survey on Arorae Island in September 2008, it was found that the costs
71 of 
one 200 L drum (picture 4, p.108) are $270, $276, and $336 for kerosene, benzene and 
diesel, respectively. This shows that diesel costs $1.68/L as of 2008, much higher than 
benzene by 30 c (figure 42, p.107). This is also much higher than retail costs on South 
Tarawa, and possibly than many other parts of the world (figure 39).  
 
                                                           
70 This subsidy was partly funded by the government of Japan. 
71 Source: Personal interview with KOIL agent, Naboua Tamatoa. 
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  Figure 39: Diesel Prices in other Countries (Source: IEA (February 2007)). 
 
 
Diesel Imports and Consumption 
Despite  the  large  increase  in  world  petroleum  fuels‟  cost  especially  since  2000, 
Kiribati petroleum fuel imports including diesel, continue to grow steadily (figure 40). 
In 2006, the total annual diesel import was more than 12 million liters with an average 
of more than 1 million liters per month. In 2000, diesel imports accounted for 65 % by 
quantity of total petroleum fuels
72, 59 % in 2003, 62 % in 2005 and 61 % in 2007. 
Obviously, this indicates a very high and continuing demand for diesel. If this current 
trend in fuel imports continues (figure 40), then diesel imports are likely to continue 
growing in the next decades owing to the high energy demand of a   fast-growing 
population, but more so due to the country‟s entire dependence on world diesel. 
                                                           
72 These are the major fuels only which include petrol (benzene), diesel, and kerosene. Source: KOIL. T i a n t e   T a r a k i a     P a g e  | 104 
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  Figure 40: Diesel Fuel Imports (Based on KOIL data). 
 
However, the growth rate is subject too to the price of diesel. For example, diesel 
import declined by 2 % from 2005 to 2007, possibly owing to the world peaking price 
of fuels including diesel during these periods. 
PREA
73 assessment in 1992 predicted that diesel growth would be the fastest at 5.5 % 
annually over a 4.5 % per annum growth of all petroleum fuels in  the decade since 
1992. More recently, however, 2004 PREA by Wade   estimated the actual diesel 
growth at 3.9 % from 1990 to 2003, but also revealed that the 1992 PREA prediction 
of 5.5 % was possible within the next decade after 1997, that is, up to 2007. This fact 
is based on the rapid growth in diesel imports such as depicted in the previous figure.   
 
 
                                                           
73 Pacific Regional Energy Assessment, jointly conducted in 1992 by the WB, UNDB, ADB, and South Pacific 
Forum Secretariat.  
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Overall, the petroleum fuels accounted for 14 % and 13 % of total imports value in 
2002 and 2003, respectively, occupying 4
th place from top out of the 10 main imported 
items (figure 41).   
 
  Figure 41: Petroleum fuels‟ contribution to total imports in 2003. (Based on KSO data). 
 
As with imports, diesel consumption has grown steadily according to data from KOIL. 
In 2005, diesel consumption was 11.53
74 million liters and increased to 13.13 million 
liters in 2006. This 2006 consumption is equivalent to 11000 MT of diesel per annum. 
If this value is used, plus the average KCMC milling capacity
75  and the energy 
equivalent
76  of CNO, simple mathematics will show that Kiribati could substitute 
about 28 % (or more) of diesel supply with CNO. This calc ulation is summarized by 
equation [13] below. How much exactly diesel can be displaced by CNO is dependent  
 
                                                           
74 In 2005, total diesel import came to well over 12 million litres, figure 40. 
75  Av. capacity is approximately 3650 MT of CNO per annum for the years 2005 to 2006. 
76 1.2 MT of CNO per MT of diesel (Zieroth, 2005). 
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on the milling capacity and so amount of CNO produced as a function of time, in 
addition to diesel supply/consumption. 
 
Diesel Amount  displaced = {Energy Equivalent of CNO Milling Capacity    [13]       
by CNO (%)             (MT/annum)} ÷ {Diesel Consumption (MT/annum)} 
 
    
Diesel fuel Consumption on Arorae 
Petroleum  fuel  shortage  is  often  experienced  on  the  islands,  especially  by  islands 
further away from South Tarawa. The main cause is the shipping or transportation 
unreliability, though; it is also caused by shortage of supply on South Tarawa such as 
has been the case recently in 2008, and in previous years.  
During a field survey to Arorae, a major fuel shortage occurred late in September 
2008,  especially  the  shortage  of  benzene.  Prior  to  that,  Tamana  Island,  just  a 
neighbour to the north, had already been hit hard by fuel shortage for more than a 
month. Subsequently, the people of Tamana sent requests to nearby islands including 
Arorae and Nikunau to buy fuels from them. Not realizing that the next shipment 
would  take  very  long  to  come,  fuel  was  immediately  provided  to  Tamana  from 
Arorae. As a result, the fuel supply ran out on Arorae in mid September, before the 
ship came in late September.  
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Benzene
77 is more commonly and predominantly used than diesel and kerosene on the 
islands (figure 42). It is a major fuel that runs many motorcycles, boats and some 
petrol generators. Cars, tractors, and loade rs which use diesel are few in numbers, 
especially owned by the island councils and church institutions. On the other hand, 
kerosene is commonly used in lanterns for household lighting at night but in very 
small quantities. Also, a small quantity of kerosene is used in kerosene stoves for 
cooking, but this is not common as most people still rely on the abundant biomass 
resource from coconut and copra wastes for cooking. 
 
  Figure 42: Diesel Prices and Consumption on Arorae (Based on interview with KOIL agent).  
   
                                                           
77 also known as petrol, and diesel is often quoted by KOIL as automotive diesel oil (ADO). 
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As of 2008, diesel accounted for 25-30 % of fuels‟ imports
78 to Arorae from South 
Tarawa, while benzene accounted for more than 60 % (figure 42). Also, an estimate of 
these fuels‟ consumptions shows that diesel consumption is in the order of 900 L per 
month, or 30 L per day on average, while benzene consumes much higher at 5000 L 
per month, or 190 L per day. This is the average estimate for the whole of Arorae  
 
  Picture 4: KOIL Petrol Station on Arorae.  
 
Island with a population of no more than 1300 (2005). For the other much bigger 
islands, obviously the fuel consumption would be larger.  
 
 
                                                           
78 The fuels are imported in 200 L drums (picture 4). Source: Personal interview with KOIL agent, Tamatoa. N. 
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6.10  Results 
The following tables summarise the results analysed on copra and CNO production, as 
well as the fuel consumptions. These results are presented for Arorae and the whole 
country, Kiribati.  
Table 13 reveals that diesel fuel supply is just equal or very close to consumption, 
which indicates that not much fuel supply reserves are readily available. Hence the 
inadequate fuel supply reserve
79 is very obvious by the current persistent problem of 
fuel shortages on the islands.  
Table 13: Kiribati Copra/CNO Production and Diesel Usage (Based on Analysis Results). 
  Kiribati Copra 
Production 
capacity (2004-06) 
KCMC CNO 
Production 
capacity (2004-06) 
Total Diesel Fuel 
Import (2006) 
Diesel Fuel 
Consumption 
(2006) 
Average  9400 MT/annum  5500 MT/annum  10500 
MT/annum 
10000 
MT/annum 
Peak  12000 MT/annum  6900 MT/annum  11000 MT/annum  10900 
 MT/annum 
Note: To convert metric ton (MT) of CNO to litres, use 1 MT = 1086.96 L of CNO. For diesel fuel, 
use conversion factor 1 MT = 1190 L. 
 
In the following table, the copra production and yield are summarised for Arorae. It 
shows that the maximum amount of copra that people on Arorae are capable to  
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produce in addition to the current production is 1.0 MT/day. This amount is expected 
to meet CNO biofuel demand, which from estimate, can produce 60 L of CNO per day 
on a worst case scenario based on the small scale milling capacity of 300 L of CNO 
per MT of copra (section 6.7).  
Table 14: Summary of Arorae Copra Yield and Production Capacity (2007-2008). 
Annual 
Yield (est.) 
Copra 
Production 
capacity 
(est.) 
Actual Daily 
copra 
production 
(2007-2008) 
Average daily 
(maximum) 
production 
Average Daily 
production 
Surplus 
Copra 
 
0.5 – 1 ton 
of copra per 
hectare 
 
2.0 (or less) 
ton of copra 
per day 
 
0.5-1.3 
tons/day 
 
 
0.8-0.9 tons/day 
 
0.59 tons/day 
 
1.0 
MT/day 
 
 
6.11  Discussion  
Transportation is not a crucial factor influencing the monthly daily output of copra on 
the  outer  islands.  However,  transportation  becomes  crucial  when  considering 
production at the supply destination end, at the KCCS in Betio Tarawa where copra is 
exported. Also transportation is critical when considering the total monthly and annual 
production on the islands because then the net balance from what has been shipped is 
taken into account.  T i a n t e   T a r a k i a     P a g e  | 111 
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The decline in 2007 production on Arorae was due to two important factors as was 
evident from fieldwork and through interview with copra cutters and staff overseeing 
copra management: i) the devastating bushfire that occurred on the island towards the  
end of July in 2007 (see picture 5), and ii) the prolonged months without rainfall or 
drought
80 experienced before and during 2007.   
The climate of Arorae is often marked with drought or long periods of low rainfalls; 
hence  one  can  always  argue  that  drought  or  low  rainfall  is  one  critical  factor 
responsible for the decline in daily copra production. In addition, bus hfires can occur 
readily during drought seasons and this has been a common experience for t he 
islanders on Arorae. Figure 43 below clearly shows an interesting correlation between 
rainfall amount and copra production which indicates clearly that little rai nfall
81 can 
lead to low copra production.  
Hence, the factors contributing to the variation in copra output  on the islands include 
but not limited to the following: 
  Amount of rainfall 
  Drought (associated with the above) 
  Bushfires  
  Economic incentives such as price of copra 
 
                                                           
80 Knowledge of bushfire and drought was known from fieldwork and from the islanders. 
81 One should take caution in discussing these weather patterns especially rainfall impact on copra production. 
This is because; proper survey can show distinct weather patterns from island to island although they can be 
assumed to be generally similar. A special case as a good example is Butaritari. Butaritari receives abundant 
rainfall all year round leading to highly damp soil which effectively erodes away essential nutrients for coconut 
growth. In fact, the coconut trees need adequate amount of rainfall in addition to sunlight, but very damp soils 
have been found to reduce coconut trees growth.   T i a n t e   T a r a k i a     P a g e  | 112 
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  Figure 43: Effect of Rainfall on Copra production for Kiribati islands (Source: Hay et al., 2006) 
 
Another  important  factor  that  can  obviously  improve  the  current  islands‟  copra 
productions is the replanting of the coconut trees.  As shown by the Department of 
Agriculture (see box 1), a high percentage of senile trees make up about 46 % the total 
number of trees in every km
2 of land.  
 
 
Picture 5: The after- bushfire in 2007 on Arorae, almost destroying ~ 30 % of the total productive coconut     
trees on Arorae. Also senile trees can be seen in the photo. Photo (Tiante, 2008) 
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From the results of the analysis in this chapter, it is shown that an average daily copra 
production on Arorae can reach as high as 0.90 tonnes/day (6.30 tonnes/week) and as 
low as 0.34 tonnes/day (2.38 tonnes/week). However, the actual total daily maximum 
can reach up to 1.3 tons/day or 9.10 tons/week. This maximum production of 9.10 
tons/week  is  in  excellent  agreement  with  the  estimate  given  by  the  island  copra 
supervisor whereby she stated from experience that around 8-10 tonnes of dry copra 
per week can be obtained from copra cutters, especially at good times of coconut 
growth
82 (Raerae, 2008). In other words, these are the production capacities at peak 
levels. 
 
6.12  CONCLUSION 
From the findings, it is clear that the copra and CNO production capacities on South 
Tarawa are affected significantly by the problem of transportation. Unless this issue of 
copra transportation is  addressed seriously  and resolved, the maximum  production 
capacity especially of CNO will be rarely achieved. Consequently, this will impact as 
it currently does, on CNO trade, but most importantly on CNO Biofuel (for centralised 
use on South Tarawa) that can be considered in future. 
It is also clear and interesting to find that copra export is not economically viable for 
the country. This thesis, thus suggests that CNO production and export should replace 
copra trade for the long-term benefit of the country and the people. This also will  
 
                                                           
82 during unfavourable growth conditions for coconut trees, this amount will decline as Raerae showed, such 
as also projected from data analysis than it can decline to as low as to 3 tonnes/week. T i a n t e   T a r a k i a     P a g e  | 114 
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entail CNO production for biofuel which can effectively reduce diesel imports and 
consumption by more than 30 % depending on CNO production capacity.  
On Arorae in particular, the surplus copra can be produced as the current production 
has not reached its potential. This is possible provided there are incentives such as a 
high local price of copra, or an alternative source of income from CNO production. In 
addition, replanting is very crucial to increase the current copra productions apart from 
the weather constraints. Assuming this capacity is achievable; the above analysis has 
shown that there is more than sufficient surplus copra to meet the demand for CNO 
biofuel. Likewise, the bigger islands would also most probably have more sufficient 
surplus  copra  for the same purpose.  This  thus  concludes that CNO production on 
Arorae and possibly on the other islands too, is viable. The cost-effectiveness of CNO 
as a biofuel in a DE, in particular concerning its use in a HES, is discussed in the next 
chapter, the Hybrid Energy System design.   
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7  HYBRID ENERGY SYSTEM DESIGN 
7.1  Overview of a Hybrid Energy System 
A Hybrid Energy System (HES) is an electrical power source comprising of more than 
one source of energy (figure 44). It is commonly installed in remote areas isolated 
from the utility grid so often called a remote area power supply (RAPS). The system 
can include a diesel genset connected to RE sources such as a wind turbine (WT) and 
solar PV array, as well as power conditioning devices such as an inverter and charge 
controller/regulator for the batteries and RE systems.  
 
  Figure 44: Schematic Overview of a HES (Source: NREL, US DoE (2005)) 
 
Basically, there are three ways or configurations in which a HES is set up. These are  
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the switched, series, and parallel hybrid systems (School of Energy and Engineering, 
2007). The parallel configuration has certain advantages over the other configurations 
particularly its efficient operation of the diesel genset at low and high loads due to the 
parallel (simultaneous) operation of the diesel genset with the inverter-battery system. 
In general,  “the parallel hybrid system can provide the system load in an optimal 
manner with the best sources meeting the load at any one time” (School of Energy and 
Engineering, 2007). At low loads for example, the diesel is not operating and power is 
supplied by the battery-inverter system. Also, the battery can continuously or instantly 
be  recharged  by  the  diesel  genset  through  the  inverter  whenever  the  battery  has 
insufficient charges. 
 
In the HES design (section 7.4), the parallel operation mode is considered simply 
because of the above mentioned advantage, though it can be technically sophisticated 
for applications on the outer islands. This is because it is highly automatic and so will 
require certain control units. Whereas by contrast, the switched configuration can be 
manually controlled allowing diesel to operate at high loads and inverter to supply 
power during low loads. The analysis however, does not go into details of which mode 
of  operation  to  use  because  this  is  deemed  to  be  considered  in  the  actual  project 
planning  and  design.  The  main  aim  however,  of  this  chapter,  is  to  demonstrate 
whether the HES is viable or feasible on outer islands in Kiribati. 
 
Practical  experiences  from  around  the  world,  show  that  hybrid  systems  can  be 
practical if these conditions exist (National Renewable Energy Laboratory, US DoE , 
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a)  The annual average wind speed of the area is at least 4.0 m/s. 
b)  Grid-electricity is not available or can only be made through a prohibitively 
expensive connection. 
 
In addition, the practicality of the HES also depends on the cost of diesel fuel where 
high diesel price means that there is a potential opportunity  in fuel saving and so 
reduction in energy (operation) costs through use of RE sources.  
 
A hybrid energy system can be cost-effective in cases where the RE power sources 
can reduce significantly the fuel consumption by a diesel generator. Where the WT 
and solar generator cannot deliver the total amount of energy that is required, the 
diesel genset makes up the difference. On the other hand, when the WT and solar 
generator plus energy from a genset produce more energy than is required, the excess 
can be sold to new users. For instance, interested households outside the centralized 
rural institution‟s electrical HES system can be connected and pay their connection 
and electricity fees to the institution. This is one incentive to outer islands‟ institutions 
and communities who want to install their HES compared to the existing incentives in 
grid-connected systems (in developed countries), where excess electricity is sold to the 
utility, or rebate schemes are available for the purchase and installation of RE RAPS.  
 
7.2  CASE STUDIES OF HYBRID SYSTEMS 
Experiences with Hybrid Energy Systems (HES) by Pacific Island Countries (PIC) are 
minimal and not common. Only two PICs have installed such a system, Hawaii in  T i a n t e   T a r a k i a     P a g e  | 118 
 
Murdoch University  Hybrid System Feasibility_Kiribati  January 2009   
 
 
1996 and Fiji in 1997. The Fiji 720 kWh/day system at Nabouwalu, unfortunately met 
several  problems  and  challenges  during  its  operation.  The  major  political  turmoil, 
especially in 2000, resulted in budget and personnel reductions which eventually led 
to reduction of RE contribution to 15 % only as of 2005 (Vega, 2005). However, the 
hybrid RAPS systems, are well established technologies and have been installed in 
many rural areas in other developing countries but mostly in developed countries. This 
section will explore some HES around the world, including the system on Hawaii. 
 
Hawaii Hybrid System @ Kahua 
The HES was installed in June 1996 for a ranch on Kahua Island. It served a large area 
with an average daily load of 360 kWh/day. The system comprised 3 Bergey WT 
(consists of rectifier/controller for each unit), PV Array (9.8 kVA), diesel generator 
(36 kW, 240 VAC, single phase Koehler original), Inverter/Controller (30 kW, static 
solid  state,  true  sine-wave  inverter,  capable  of  operating  in  parallel  with  genset, 
manufactured by Advanced Energy systems (AES) of Australia), and Trojan flooded 
lead acid and deep discharge Batteries (240 V type, storage capacity of 428 kWh, 
1785  Ah  @20  hours  discharge)  (Vega,  Wind/PV/Diesel  Hybrid  Village  Power 
Systems in Hawaii and Fiji, 2005).  
 
The system was a success achieving a total RE penetration of 80 % despite some 
problems. According to Vega (2005), some problems were encountered which were 
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perform as specified for several months until it returned to normal performance after 
certain parts were fixed. In addition, the original Koehler genset was replaced by a 60 
kW Onan unit after it has reached its useful life over 3.5 years. One cell battery failed 
out  of  120,  and  replaced  after  2  years.  Subsequently,  three  more  cells  failed  and 
replaced after 4 years. The other 116 cells, however, are still operational after 8 years 
since installation.  
Overall, this large system has been able to produce power as expected with a high 
contribution of RE. Its estimated levelised CoE was between $0.30 to $0.45 per kWh. 
As Vega showed, funding was provided under a concessionary loan available for rural 
electrification in developing countries
83 with a project term of 15 years. 
 
Figure 45 below shows another successful HES powering a small remote home in 
Colorado, USA. This home is running well on a HES comprising of a WT, PV solar 
panels, batteries, inverter, and generator. Interestingly, the genset was run on propane 
instead of diesel. 
In rural areas in Western Australia, there are also many HES that have been installed 
successfully and still providing power to certain homes and communities. Some of  
these systems are well documented by RISE (at Murdoch University) and can be seen 
at http://www.rise.org.au/. 
  
                                                           
83 In fact, Hawaii is just a state of the USA, but sometimes categorised as a developing country possibly 
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  Figure 45: Residential Hybrid Energy System (Source: NREL). 
 
 
7.3  LIFE CYCLE COST ANALYSIS 
This section will briefly explain the life cycle cost analysis (LCCA) method which 
underlies the HES design generated by the system design program, HOMER (NREL, 
2005). First, the major system components‟ sizes and costs are outlined, and then the 
method of the LCCA is described. T i a n t e   T a r a k i a     P a g e  | 121 
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System Components and Costs 
Table 15 on the next pages (3 parts) summarises the main HES components with their 
respective  costs  which  include  the  initial  installed  capital  costs  (CC),  replacement 
costs (RC), and the operation and maintenance costs (O&M). These costs are inputs in 
HOMER.  
In the HOMER analysis, the main components considered with their sizes are: one 25 
kW Wind  Turbine, 1  kW  solar PV,  12 kW diesel  genset, 12 kW inverter and 24 
batteries.  These  are  arbitrary  choices  because  other  sizes  are  also  considered  and 
entered for each respective component (at sizes to consider input) which will allow 
HOMER  to  simulate  a  number  of  optimal  configurations  based  on  these  different 
sizes. Actually, in this case, HOMER assumes that the costs of different equipments‟ 
sizes  are  based  on  the  cost  per  kW  or  cost  per  unit  for  each  of  the  components 
inputted. 
The energy systems are selected based on their recognition (except the DE
84) and so 
reliability, performance and durability, and reasonable  initial costs.  They are also 
considered in terms of low maintenance costs and  how easy to install  them on the 
outer islands. For example, the WT is a Canadian product, namely PGE 20/25  model 
which  has  advantages  such  as  being  robust  and  reliable,  long -life,  very  low 
maintenance, can operate at low wind speeds and in harsh conditions, and can be 
installed without a need for a crane  (figure 46). Similarly, the battery selected is an 
Australian product which requires no watering and maintenance. The technical details 
of these systems plus the other power systems are outlined in table 15. 
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  Figure 46: Wind Turbine and Battery models used in the HES design 
 
The cost estimates attempt to approximate the actual costs when the system is to be 
installed  on  Arorae  and  start  operating  over  its  estimated  lifetime  of  25  years. 
Generally, these costs (details in table 15) include: 
a)  Capital Costs of the systems. These include the installation and set-up costs 
such as shipping costs from supplier to South Tarawa and to Arorae, planning 
and permits fees, land payment to land owner for WT installation on Arorae, 
plus  others.  The  systems‟  capital  costs  are  obtained  from  suppliers  as  of 
January  2009  (sources  given  in  table  15).  However,  the  cost  of  small 
equipments  such  as  cables  are  being  estimated  based  on  data  from  system 
manufacturers and current costs in literature (internet), as well as with respect  
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to  their installation on Arorae.  In addition,  a  minimal  fixed capital  cost  of 
$5000 for the whole system (diesel and CNO HES) is considered which is 
expected to cover extra installation costs that can accrue during the installation 
process. 
 
b)  Recurrent costs which include the replacement costs (RC) of the systems and 
the O & M costs. The operation costs include the fuel cost for a diesel genset 
as well as labour costs such as the salaries of the local technicians which would 
be needed to oversee and maintain the systems. The design is done basically 
for two types of HES, one using a diesel fuel whilst the other using CNO 
biofuel. The current cost of diesel on Arorae of $1.68/L, and CNO estimated 
cost of $0.80/L (see section 6.7, p.97) are also cost inputs in HOMER analysis. 
Labour  costs  for  the  two  HES  designs  are  different  as  the  CNO  system 
involves  CNO  production  so  generally  has  a  higher  operation  cost.  These 
labour costs however, are considered as fixed O & M costs (economics inputs 
in HOMER) and are generally low reflecting local values (more details in table 
15).   
 
In general, this is only a preliminary cost estimate, suggesting that an accurate cost 
estimate can be done during the actual project planning and design. The actual project 
design and appraisal may change as it would consider the actual costs of installation in 
consultation with the systems‟ suppliers, actual local costs that might be incurred such 
as  port  and  freight  fees,  contract  fees  for  certified  installers,  and/or  cost  of  some 
distribution and metering equipments which might be needed if surplus electricity is to  T i a n t e   T a r a k i a     P a g e  | 124 
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be sold to other consumers, and others. These costs are obviously very site-specific 
and therefore they need to be considered in a more detailed assessment.   
 
Overview of Life Cycle Cost Analysis for the HES Design 
To assess and appraise a RE project for its commercial viability, certain economic 
analysis must be done. Some of the economic assessment methods commonly used 
include  the  pay-back  period,  the  Internal  Rate  of  Return,  and  the  life  cycle  cost 
analysis (LCCA). It has been shown by many experts that the first two methods have 
disadvantages and the latter is the best. The LCCA is the method being employed by 
HOMER, the design software used for this thesis. Briefly, some basic concepts and 
definitions from this method are explained as follows.  
 
A LCCA is an economic analysis that entails adding up all the costs of a project over 
the evaluation period, with the costs in any year being discounted back to the base 
period (Pryor, Economic Evaluations of RE Projects, 2008). Thus a LCCA presents a 
complete assessment because it not  only  considers the initial  capital  costs, but  all 
future costs for the entire operational period of the project or system. Thus essentially, 
its  significance  is  that  it  produces  important  economic  indicators  from  which 
economic decisions can be based. These include i) the total initial capital costs ii) total 
recurrent costs iii) total net present costs (NPC) iv) total life cycle costs v) levelised 
cost of energy (CoE), and even the v) total net present value (NPV). It also can  
 
  
 
 
Table 15: System Components with Costs Details 
 
 
SYSTEM COMPONENTS 1. Initial Installed Capital Costs Unit Cost Total Cost $ Notes/Assumptions
1. PGE 20/35 Wind Turbine 25 kW PGE Wind Turbine $85,000 $85,000 includes controller
Model: PGE 20/35 (Canada) 24 m tower kit $3,500 $3,500 tilt-up tubular guyed; does not need crane
Rated output: 25 kW foundation (steel concrete) $1,000
Hub height 24 m (80 ft) transport, installation, labour $10,000 includes freight costs from supplier & to island, etc
cut-in wind speed: 3.5 m/s access roads $0 site is accessible
low w/speed cut-out: 1.7 m/s planning & permission $1,500 development plan, environment & land permits, tender process, external consultancy, etc
rated w/speed: 9 m/s land issues $2,500 payment to land owner
cut-out w/speed: 25 m/s BOS $2,000 cables to houses, etc
Source: $105,500
www.energiepge.com
2. Recurrent Costs
a) Raplacement Cost
Wind Turbine $72,000 after 25 years lifetime
b) Operation & Maintenance
on Wind turbine/generator
includes inspections, greasing $500/yr minimal, since system is robust and reliable. Major Inspection
generator's parts, etc can be done once a year, but regular inspections can be done
by local technician.
2. Battery 1. Initial Installed CC 
Model: HGL200-12 > 24 batteries $703 $16,872
12 V, 200 Ah > mounting hardware, 
Manufacturer: Fullriver installation, etc $350 estimate at 2 % of capital cost
Shipping wt: 65 kg $17,222
General features: 2. Recurrent Costs
-sealed lead-acid,  a) Replacement Costs
deep cycle, high power > 2 4 batteries  $16,872 since robust & reliable, expected lifetime is long, at least 10 years
density, maintenance free
www.energymatters.com.au b) Operation & Maintenance (O&M)
none $0 long-life, maintenance-freeT i a n t e   T a r a k i a     P a g e  | 126 
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  Continued Table 15: System Components with Costs Details. 
 
 
 
 
 
SYSTEM COMPONENTS 1. Initial Installed Capital Costs Unit Cost Total Cost $ Notes/Assumptions
3. Inverter 1. Initial Installed CC 
12 kW 120 V/100 A System Components
Model: PS1 12-120 12 kW inverter $23,995 $23,995 current price as at Jan 25 2009
Manufacturer: Selectronics installation is included in fixed CC, or other systems
Shipping wt: 93 kg 2. Recurrent Costs
operates in parallel with a) Replacement Costs
genset, or grid-electricity. > 12 kW inverter $23,995 $23,995 since robust & reliable, assume will last project life
robust, reliable and long life.
max surge: 26.4 kW b) Operation & Maintenance (O&M)
continous output @25°C: 12 kWnone $0
peak efficiency: 96 %
www.energymatters.com.au
4. Solar PV Panel 1. Initial Installed CC 
100 W module a) System Components
Thin film amorphous Si 10 x 100 W PV Panels $875 $8,750
Model: MA100T2 > 4 mm cables, connectors, cable   $500 estimate. These are cables, etc for connection to hybrid system,
Manufacturer: Mitsubish   fittings, 13 mm conduits, etc not to homes. Cables to homes are included in fixed CC.
Shipping wt: 21 kg > support structure for array $2/W $4,000
weather-proof and performs $13,250
stably under high temperature 2. Recurrent Costs
max power: 100 W a) Replacement Costs
www.energymatters.com.au PV panels $8,750
b) Operation & Maintenance (O&M)
none $0T i a n t e   T a r a k i a     P a g e  | 127 
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  Continued Table 15: System Components with Costs Details.   
 
 
SYSTEM COMPONENTS 1. Initial Installed Capital Costs Unit Cost Total Cost $ Notes/Assumptions
5. Diesel Generator 1. Initial Installed CC 
Engine: 24 HP, 2 Cylinder, > one 12 kW Diesel Genset $3,795 $3,795
1800 rpm 60 Hz,  > auto-transfer switch $1,000 $1,000
12 kW continous (prime) > 240 V/50 A plug $65 $65
auto-transfer switch  > 4 x conductor cables (copper) $3.2/m $192 requires at least 15 m cables
model: not shown, chinese- > installation, etc $1,000 includes shipping costs, etc
made. $5,052
Source:  2. Recurrent Costs
www.backuppowersystems.com/diesel.html a) Replacement Costs
> Diesel genset $3,795 $3,795 after 10 years expected lifetime at most
b) Operation & Maintenance (O&M)
> fuel cost (diesel) $1.68/L $0.21/hr based on estimated fuel consumption of 3 L/day at most (see HES design)
> fuel cost (CNO) $0.8/L $0.10/hr CNO consumption is higher than diesel
> regular services $5/hr overseen by one technician, cost included in fixed O&M
$0.21/hr for diesel fuel only
$0.10/hr for CNO fuel only
6. Other Costs/Economics inputs: Costs
a) Fixed Capital Cost > installation/set-up, BOS $5,000 consider minimal cost, will cover extra installation/set -up costs for the whole system
b) Fixed O & M Cost > operation & labour costs:
- one local technician - mechanic $150 x 2 weeks pay $3600/yr main man to oversee operation/regular inspections of whole system, etc, 
- another local assistant for CNO $100 x 2 weeks pay $2400/yr mainly to assist in CNO processing
production at mill plant
$6000/yr this is for CNO HES
$3600/yr this is for diesel HES 
 
 
calculate  the  pay  back  period  and  assess  environmental  benefits  such  as  GHG 
emissions and others. Hence, some studies
85 call it the Cost-Benefit analysis. 
 
HOMER uses the  NPC as its main economic indicator to characterise the most 
feasible or optimal systems. So the most optimal systems are  ranked in order from 
lowest NPC. However, HOMER also calculates the other economic and performance 
outputs  including  the  CoE,  the  initial  capital  costs,  operation  costs,  the  fuel 
consumption, the RE fraction (penetration), and others.  For this analysis, not only the 
NPC will be considered but the other outputs as well with respect to Arorae situation  
to determine the viability or cost-effectiveness of a particular HES. 
The NPC for a project is the sum of all the costs incurred in a project over the term of 
the  evaluation,  with  the  costs  being  discounted  back  to  the  base  period  (Pryor, 
Economic Evaluations of RE Projects, 2008). The base period is simply the year at the 
start of the analysis. NPC can be calculated from this formula: 
NPC
1 = CC + (PWF(a,r,n) x Annual O&M)        [14] 
where CC = total capital costs, PWF(a,r,n) = present worth factor, Annual O&M = 
annual operation and maintenance costs. The present worth factor can be calculated 
from equation [15].  
             [15] 
where a = inflation rate, r = discount rate, and n = evaluation/project period. 
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If a major overhaul or replacement costs are involved, then the NPC will increase to 
 
NPC
2 = NPC
1 + MO (or RC or others as appropriate)      [16] 
 
In  this  analysis,  a  discount  rate  of  10  %  and  inflation  rate  of  0  are  used.  These 
estimates on the discount and inflation rates, however, can present difficulties because 
they can significantly affect the life cycle cost calculation since the evaluation period 
is in the order of 20 years (Trevor L Pryor, 1995). The lifetimes of the power systems 
are assumed to be 25 years for the solar PV panels, 25 years for the PGE robust wind 
turbine, 15 years for the inverter, and the lifetimes of the batteries and genset are 
calculated by HOMER based on their performance. The evaluation period is 25 years, 
which is  the  estimated  lifetime of the HES  project.  In the  following sections,  the 
results of the HOMER design analysis for Arorae are explored and briefly discussed. 
 
7.4  HES DESIGN FOR ARORAE ISLAND COUNCIL 
HOMER Simulation Software  
HOMER
86  is a powerful software developed by the National Renewable Energy  
Laboratory (NREL) of the US Department of Energy (NREL, 2005). It is intended to 
be used for evaluating and designing any kind of energy system whether off -grid or 
grid-connected. Because it can be downloaded free from internet, it is widely used by 
many universities and institutions around the world. Its advantage is that it can design  
                                                           
86 RAPSIM, is another powerful design software for HES, developed by Murdoch University Energy Institute, 
now RISE. Interestingly, my supervisor was one of the main architects of this program. Unlike HOMER, it is not 
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many  combinations  of  energy  systems  so  called  Hybrid  Energy  Systems  (HES), 
including  the  RE  systems  such  as  wind  turbines,  solar  PV  panels,  etc.  The  latest 
version (2008) can simulate up to 10 generators with other energy systems. It also can 
use other fuels instead of diesel, such as CNO biofuel, or biodiesel. Its main economic 
output is the total NPC to determine the viability of a system, but it also calculates 
other outputs as described in the previous section.  
 
HES Design by HOMER 
The main inputs entered in HOMER for this HES design considered for Arorae Island 
Council Institution are as follows: 
1)  System components and respective costs such as explained in the preceding 
section (see Table 15). 
2)  Solar and Wind Resource data for Arorae Island measured by NASA. The 
wind  speeds  data  are  for  the  measurement  at  50  m  (from  solar  and  wind 
assessment, chapter 3 & 4). 
3)  Daily load data for Arorae Island Council Institution (from chapter 2). 
 
The electrical load is a critical input with two aspects to be determined as inputs to the 
design process (Trevor L Pryor, 1995, p. 4). It is a critically important input because 
the power systems must be designed to meet this load. According to Pryor, the first 
aspect of the load is the average daily load and the second is the daily load profile. 
The former “affects the size of the energy sources needed to supply energy to the 
system”, and the latter, the distribution of the electrical consumption throughout the  T i a n t e   T a r a k i a     P a g e  | 131 
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day, influences the size of the battery bank and size of the inverter and/or regulators 
required to handle the peak load conditions (Trevor L Pryor, 1995).  Thus in general, 
the load affects the cost-effectiveness (viability) of the system because the larger the 
load, the higher the initial capital cost and NPC.  
 
Other inputs being considered in the design analysis include the sensitivity variables. 
The sensitivity variables are used to compare results with other inputs and so helpful 
to find an optimal variable for the design. For example, four main sensitivity variables 
are used here which include i) the surface roughness length (0.1 and 0.25), WT hub 
height (15, 20, & 24 m), fixed capital cost ($0, $5000), and fixed O & M cost ($0, 
$3600/yr, $6000/yr). These variables are relevant to Arorae. 
 
As discussed in section 7.3, the design is developed and simulated for two HES; one 
using diesel fuel in a diesel genset, while the other using coconut biofuel (CNO) also 
in a diesel genset. Appropriate properties for CNO are entered such as density, energy 
content, etc, which differ from diesel properties (chapter 5).  For both of these designs, 
the simulation is run to allow the optimal use of the RE sources (“load following 
strategy”). That is, the important aim is to maximise the use of RE resources mainly 
solar and wind energies, or specifically, to use very little fuel as low as possible.  The 
results of these simulation designs are explored, analysed, and explained in the next 
section for these two cases: i) HES using diesel, and ii) HES using CNO biofuel. From 
these design results, an optimal HES configuration is determined.  
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7.5  DESIGN ANALYSIS AND RESULTS 
1.  Diesel Hybrid Energy System 
From figure 47, the most optimal configuration comprises of one 25 kW wind turbine, 
one 12 kW diesel genset, one 5 kW inverter, and 80 batteries (top row). This system‟s 
outputs  for  example  are  $1.107/kWh  CoE,  1,392  L/annum  or  about  4  L/day  fuel 
consumption, etc. 
Another optimal option is the system in row 3, comprising of one 25 kW WT, 10 kW 
inverter, and 80 batteries with no genset and no solar PV panels. Despite the large size 
of the battery bank, this system is very economically attractive because it does not 
require any fuel. As shown in the design result, it has 100 % RE penetration provided 
by wind power and uses energy storage by battery and conversions to AC electricity 
by the inverter. 
 
Like the first option above, its disadvantage is that it has a very high initial capital cost 
and NPC which can impose constraints on the source of funding for the system. The 
high initial capital cost is attributed to the high capital cost of the wind turbine. 
 
Although the second option (WT/Batt/Inv) has an advantage in using no fuel, yet it 
can be risky because the wind turbine (WT) may not always produce enough power 
during very low wind speeds, or when there is a technical problem with the WT.  
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Figure 47: Optimal Systems for a Diesel HES 
 
 
Therefore in this case, the best option is the WT/Gen/Batt/Inv system (row 1, figure 
47). With this system, it is also possible to run it without the genset, but can use the 
genset  as  back  up  system.  This  system  has  also  very  low  fuel  consumption  (3.8 
L/day). Apart from the initial capital costs, its CoE is $1.107/kWh which is very high 
by world standard; however, this is quite low by Kiribati standard where the CoE on 
South Tarawa is currently at $1.45/kWh for residential consumers. 
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2.  CNO Hybrid Energy System 
Figure 48 shows one of the results from the CNO HES design analysis.  
 
Figure 48: Optimal Systems for a CNO HES 
 
Since the most optimal systems at top rows presented in figure 48 have very high fuel 
consumptions, thus these options will not be selected. As for the purpose of this thesis, 
one attractive economic output for the islands is the low fuel consumption. This is one 
very important economic criterion in this analysis because high fuel consumptions are 
obviously not feasible on outer islands due to continuing problems of fuel shortages, 
as well as the cost constraints on the high and long-term operation costs which fuels 
usually impose on the outer islands. Thus, a consumption of no more than 10 L/day 
(or  less)  can  be  used  as  an  economic  benchmark  in  this  case.  Hence,  the 
WT/Genset/Batt/Inv system in row 6 will be selected as the best choice. The outputs  T i a n t e   T a r a k i a     P a g e  | 135 
 
Murdoch University  Hybrid System Feasibility_Kiribati  January 2009   
 
 
for this system are favourable in terms of the CNO fuel consumption (5.1 L/day), or 
high RE penetration (96 %) which means very  low genset operations,  and no PV 
panels but only wind power which can make the installation task easier. The CoE is 
$1.17/kWh; this value is also calculated below for illustration purpose. 
The systems with 2 kW PV arrays are not selected because such a PV size is too huge 
and  may  definitely  impose  installation  technical  constraints  on  the  island.  By 
comparison, one wind turbine in this case does not take up much installation space as 
well as it can be installed without a crane.  
 
In  summary,  the  best  optimal  configurations  from  the  diesel  and  CNO  HES  are 
outlined and compared as follows. 
Table 16: Optimal HES Options 
 
   
Figure 49: Summary of Life Cycle Cost Outputs for Diesel & CNO HESs 
 
Optimal Systems Configurations Fuel (L/day) CoE(per kWh) Initial CC NPC O & M $/yr RE fraction (%)
1. Diesel HES 25 kW WT/12 kW Gen/5 kW Inv/80 Batts 3.8 $1.19 $182,957 $256,650 $8,119 97
2. CNO HES 25 kW WT/12 kW Gen/5 kW Inv/80 Batts 5.1 $1.17 $182,957 $270,909 $9,690 96
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3.  CoE for CNO HES 
As explained in section 7.3, the NPC can be calculated from equation [16] which 
should yield $270,909 based on 25 years of project life, discount/interest rate of 10 % 
and inflation rate of 0. From the average daily load of 70 kWh/day, the total number of 
electricity  units  over  the  project  period  is  638,750  kWh.  With  this  NPC,  the  net 
present cost of electricity can be calculated as $0.424/kWh (= 270,909 ÷ 638,750). 
However,  a  more  meaningful  cost  of  electricity  is  the  levelised  cost  of  electricity 
(CoE) which takes into account the present value of electricity over the project period. 
This is calculated as follows: 
a)  Annual number of electricity units = 70 x 365 = 25,550 kWh/yr. 
b)  Total discounted number of electricity units over project period = 25,550 x 
PWF (0,10,25) = 25,550 x 9.077 = 231,917.35 kWh. PWF is the present worth 
factor given by equation [15] (p. 128). 
c)  Thus  the  CoE  =  $270,909/231,917.35  kWh  =  $1.17/kWh,  just  same  as 
calculated by HOMER. 
The CoE is the tariff that would need to be charged to users to cover the cost of the 
system over the project period (Pryor, 2008). 
Since the total NPC is the sum of total initial capital costs and total recurrent costs 
(future costs), thus it implies that the CoE can be cheaper if the NPC is reduced. In 
other words, for instance, if the initial capital costs of the systems are made zero in 
HOMER inputs assuming that this cost will be met by some external funding sources, 
then the NPC will be reduced substantially and so is the CoE. As an example, when  
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this is considered for the CNO HES, the NPC comes to$87,953; and the CoE is now 
$0.38/kWh (further discussed below). 
What this implies is that this CoE represents the real value of the tariff that the people 
must pay for, because it reflects the economic benefit in the form of external funding 
that the government receives. Otherwise the funding comes in a form of credits or 
loans which is not free, then a reasonable tariff is the CoE calculated from the NPC 
which includes the total capital cost.  
In addition, for strict commercial purpose, such as rural electrification implemented by 
the  government  corporation,  some  appropriate  profit  and  social  benefit  can  be 
considered to determine the tariff. The social benefit can be in a form of government 
subsidy. In this case, the tariff is determined from the following equation: 
Tariff = CoE + Profit – subsidy            [17] 
 
In the case study of Arorae Island Council Institution, the important question is how 
much is this tariff and can the people afford it? If the people cannot afford it, then 
definitely the project is not viable. How would they pay for this tariff, whether in the 
form of monthly fees (fixed) or by individual net metering method is another crucial 
aspect of this question. The latter, is already discussed in section 7.3 (p.123-124). 
Generally, since the tariff is site specific and involves several issues discussed above, 
therefore its actual estimate can be made in a more detailed project study. However, a 
preliminary estimate based on the assumption of no initial CC will yield a CoE of only 
38 c per kWh (figure 50), or four times lower than the current CoE on South Tarawa 
($1.45/kWh). Figure 50 also reveals that the total NPC for the same CNO HES is now  T i a n t e   T a r a k i a     P a g e  | 138 
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reduced much substantially 3 times from the initial NPC value. It‟s also interesting to 
note  from  figure  50  that  both  the  PV  array  and  the  WT  have  become  very  cost 
competitive with substantial reduction in the CoE, NPC, and 100 % RE penetration 
(see row1 in optimal configurations).   
 
Generally what this analysis implies is that HESs with RE sources are cost-effective 
with low initial costs. In fact, the high initial cost is the main drawback of the systems. 
In addition, it also implies that HESs using the RE sources including CNO biofuel are 
viable when external funding is provided in the form of grants rather than credits.  
 
Figure 50: NPC & CoE without Initial Costs 
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7.6  DISCUSSION/CONCLUSION 
Making a decision on the best optimal system is clearly not easy in the simulation 
analyses  because  it  entails  a  compromise  on  certain  economic  and  technical 
constraints with respect to the situation on Arorae. In other words, in this analysis, it is 
not only the lowest NPC that is considered as the best economic indicator. The lowest 
possible  fuel  consumption,  size  of  the  systems,  related  technical  issues  in  the 
installation including the installation site (e.g. 2 kW PV array may be too large), and 
so forth, have all been considered as critical criteria for the economic viability of the 
HES systems.  
The major drawbacks however, of these selected systems are the high initial CC and 
NPC, which are mainly attributed to  the high  capital  costs of the RE systems,  in 
particular the WT (table 15 & 16). However, on the other hand, these systems are 
quite attractive because they reduce fuel consumption substantially in a DE as well as 
have very low O & M costs compared to the diesel systems only (see figures 47 & 48).   
 
Table  16  and  figure  49  show  that  the  two  HES  options  have  the  same  system 
components,  sizes  and  configurations,  however,  they  differ  in  their  economic  and 
performance outputs except the initial CC. Clearly, the diesel HES is more favourable 
than the CNO HES in terms of lower NPC, lower fuel consumption, lower operating 
cost and/or higher RE penetration. Thus, it is the best system for this case. 
Considering the CNO HES, although it is less favourable, its outputs are just close to 
the diesel HES. It also has a very high RE fraction (96 %), low fuel consumption (5.1  T i a n t e   T a r a k i a     P a g e  | 140 
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L/day) and even has a better CoE (table 16) and same capital cost as the diesel system. 
In other words, it satisfies certain important criteria mentioned above. The fact that it 
has a higher NPC is because it has higher O & M costs mainly due to the installation 
and operation cost of the new CNO production mill which involves higher labours 
costs than the diesel HES (see p.123, section 7.3). Over a long term, however, CNO 
can be produced locally and cheaply than diesel ($0.80/L) and with less emissions, 
this makes it economically attractive.  
 
In addition, in the analysis, only one diesel genset is being considered because another 
genset  would  add  more  costs.  The  WT  hub  height  at  different  elevations  is  also 
considered together with the influence of the roughness length. The analysis finds that 
a WT is more cost-competitive at higher elevations and at low roughness lengths. As a 
result, the design selected 24 m hub height which is also appropriate because a tower 
of this height is available from the WT manufacturer (www.energiepge.com). The 
roughness factor is kept at 0.25 m because of the likely influence of the coconut trees 
canopy on the wind profile.  
On the other hand, the solar array tends to be cost-effective than the WT at larger 
sizes, and also when the size of the WT is small and at lower elevations. For instance, 
when choosing a WT of size 10 kW and less, it is less cost-effective and the PV array 
becomes more cost competitive than the WT but at larger sizes. 
The  diesel  HES  considered  as  the  best  optimal  system  for  this  analysis  is  also 
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common problem on remote outer islands, hence the system utilising CNO will result 
in avoided costs of diesel fuel. At the same time, CNO biofuel use can generate a new 
source of income  for  the people when a financial mechanism is  developed where 
people  sell  their  copra  to  the  local  CNO  production  plant.  In  this  scenario,  CNO 
biofuel is an attractive alternative source of energy and therefore can be considered 
viable in respect of the reasons explained above.  
 
Finally,  the  diesel  HES  system  has  substantial  excess  electricity  (73,600  kWh/yr, 
figure  51).  This  surplus  electricity  can  induce  a  source  of  income  for  the  rural 
institutions  whereby  new  users  are  connected  to  the  system  and  pay  for  their 
electricity (see p.117, section 7.1). Interestingly, one councillor on Arorae whom I 
discussed the issue with concerning this project, noted that they would require a large 
system where the Island Council can have surplus electricity to sell to other consumers 
outside the institution who would want to connect to the system!  
For standard homes in Kiribati with a small fridge, the average daily load is around 2 
kWh/day  or  less,  and  so  much  less  without  a  fridge,  especially  for  outer  islands 
standards. With this surplus electricity of 200 kWh/day, this means that more than 100 
homes (new consumers) can be connected to the system! 
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  Figure 51: Electrical Outputs from a Diesel HES (HOMER) 
 
 
8  GENERAL CONCLUSION 
The most optimal system from the HOMER design analysis is the Diesel HES, but use 
of  CNO  is  also  viable  as  has  been  thoroughly  discussed  above.  The  Diesel  HES 
system has a very high RE (wind) penetration of 97 %. Its other favourable outputs are 
discussed above. The main constraint on its viability is the high initial capital cost and 
NPC. As shown in the analysis, unless this capital cost can be met from an external 
funding source in the form of grants, then obviously the system or project will not be 
viable.  
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In the other analyses, it is found that there is greater economic benefit from CNO use, 
both as a biofuel and for export. Copra export tends to be economically unviable; 
given the high production costs which exceed the current revenues from copra. On the 
other hand, the current  increasing market  price  of  CNO  makes  CNO export more 
economically attractive than copra export as well as its use as a biofuel appears to be 
promising over a long-term period. This essentially implies that the country must now 
consider replacing the copra export by CNO production both for export and for biofuel 
use at national centralised use on South Tarawa as well as on the outer islands.  To 
meet  this  goal,  a  large  investment  is  required  which  would  entail  a  large  scale 
economy of CNO production than the current production capacity. This conclusion 
merits serious consideration by government in order for the country to be able to fully 
realize the long-term benefits from its coconut resources. 
 
Overall, this thesis has demonstrated the technical and economic viability of CNO as a 
diesel fuel substitute. CNO viability is based on these reasons such as discussed in 
text: 
1)  Cost of producing CNO ($0.80/L) has been calculated to be lower than diesel 
fuel cost ($.168/L) for Arorae case. 
2)  Problems of petroleum fuels shortage are common on remote outer islands.  
3)  CNO is readily available and can be produced locally and cheaply on outer 
islands. 
4)  CNO use is practically feasible as a diesel substitute in an IDE. 
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5)  CoE from the HES is lower than that on South Tarawa, and is much lower (4 
times) when the systems‟ capital costs are met from external funding sources 
through grants, or by government‟s subsidies. 
6)  CNO together with wind or solar PV energy sources, are sustainable with well 
known  environmental  benefits.  Their  use  in  a  HES  can  reduce  diesel  fuel 
consumption by more than 80 %. Even there are HES that have 100 % RE 
penetration and so 100 % avoided costs of diesel fuels.   
7)  CNO can reduce Kiribati reliance on diesel fuel by more than 30 % at current 
national CNO production. With a large scale economy of CNO use as a diesel 
substitute, the amount of diesel fuel that can be replaced will be much higher. 
8)  Since diesel imports and use incurs cost to the country, it means replacement 
of diesel will yield a long term socio-economic benefit both to the country, and 
the people at large.   
9)  With poor limited resources, the country needs not to continue to rely on diesel 
fuel  or  other  petroleum  fuels.  It  needs  now  to  explore  and  utilize  its  own 
natural resources which includes its RE resources. 
 
With these reasons, this thesis thus concludes that the use of HES and CNO biofuel is 
viable. However, there remains some more work that can be done on the actual cost 
estimates for the HES systems In addition; this thesis suggests that it is very vital to 
properly  assess  the  socioeconomic  issues  and  the  load  of  the  concerned  rural 
institutions and communities.  It  is  the load that generically determines  the system 
costs and hence its cost-effectiveness. The socio-economic issues also determine the 
viability with respect to the users‟ acceptance and long-term use of the systems.   T i a n t e   T a r a k i a     P a g e  | 145 
 
Murdoch University  Hybrid System Feasibility_Kiribati  January 2009   
 
 
9  BIBLIOGRAPHY 
Berill, T. (2001). Wind Energy Conversion Systems. Brisbane: Renewable Energy Centre (Brisbane 
Institute of TAFE). 
(2006). Biodiesel Production and Economics. Perth: Department of Agriculture and Food, 
Government of WA. 
Bruce Bailey, S. M. (1997). Fundamentals for Conducting a Successful Monitoring Program. New 
York: AWS Scientific, Inc & NREL. 
Buckeridge, J. S. (2000). Design considerations for a sustainable hybrid energy system. Australasian 
Environmental Engineering Conference (p. 5). Auckland, NZ: UNITEC Institute of Technology. 
Burnyeat, W. (2004). What's next for the tree of life? A social-economic analysis of coconut oil as a 
potential substitute for diesel in Tuvalu . London: Imperial College of Science, Technolgy and 
Medicine, University of London. 
Cloin, J. (2005). Coconut Oil as a Biofuel in Pacific Islands: Challenges and Opportunities. Suva, Fiji: 
SOPAC. 
Cloin, J. (2007). Coconut oil as a fuel in the Pacific Islands. Natural Resources Forum , 9. 
Cloin, J. (2007). Liquid Biofuels in Pacific Island Countries. Suva, Fiji: SOPAC. 
Etherington, D. (2005). Bringing Hope to Remote Island Communities with Virgin Coconut Oil 
Production. International Coconut Forum (p. 8). Cairns, Queensland: Kokonut Pacific Pty Ltd. 
Fürstenwerth, D. (2006). Potentials of Coconut Oil as Diesel Substitute. Aachen, Germany: RWTH 
University. 
Gabriele Herber, W. T. (1985). Biofuels for Developing Countries: Promising Strategy or Dead End? 
Eschborn: GTZ Germany. 
Gerdes, G. J. (2005). Energy Yield Assessment. Workshop on Renewable Energy (p. 15). Nadi, Fiji: e7. 
Gerdes, G. J. (2005). Wind Energy Utilisation. Workshop on Renewable Energy (p. 16). Nadi, Fiji: e7. 
Gerdes, G. J. (2005). Wind Potential Assessment. Workshop on Renewable Energy (p. 17). Nadi, Fiji: 
e7. 
Handbook, A. B. (not known). Part 2. Biomass Resources. 
Herchel Machacon, Y. M. (2001). The effect of coconut oil and diesel fuel blends on diesel engine 
performance and exhaust emissions. ELSEVIER , 7. 
J.F.Manwell, J. (2004). WIND ENERGY EXPLAINED: Theory, Design & Applications. Sussex: John Wiley 
& Sons. T i a n t e   T a r a k i a     P a g e  | 146 
 
Murdoch University  Hybrid System Feasibility_Kiribati  January 2009   
 
 
John Hay, K. O. (2006). Kiribati Country Environmental Analysis. Tarawa: ADB. 
NASA. (2008). Surface meteorology and Solar Energy (SSE) Methodology - Release 6.0. NASA. 
National Renewable Energy Laboratory, US DoE . (2005). Small Wind Electric Systems: Hawaii 
Consumers' Guide. Seattle: NREL, DoE. 
NREL. (2005). Getting Started Guide for HOMER v2.1. Colorado: NREL, US DoE. 
NREL, US DoE. (2005). Small Wind Electric Systems. Seattle: US DoE. 
Pryor, T. (2008). Economic Evaluations of RE Projects. Lecture Note in RE System Design (PEC623). 
Perth: Murdoch University. 
Pryor, T. (2008). Extraterrestrial Radiation on a Horizontal Surface. Renewable Energy Resources 
Lecture (PEC522) (p. 14). Perth: Murdoch University. 
Pryor, T. (2008). Solar Resource Assessment. Lecture Note in Renewable Energy Resources 
Assessment (p. 25). Perth: Murdoch University. 
Raerae. (2008, September). Copra Production on Arorae. (T. Tarakia, Interviewer) 
Richard Corkish, P. D. Montangue Island PV/Diesel Hybrid System. Sydney, Australia: UNSW. 
School of Energy and Engineering. (2007). Diesel Hybrid RAPS Systems (Topic 6). PEC490 Energy 
Systems Unit Reader. Perth: Murdoch University. 
Tamatoa, N. (2008, September 10). Diesel fuel Consumption on Arorae. (T. Tarakia, Interviewer) 
Trevor L Pryor, D. R. (1995). The Use of Simulation Studies in the Design of RAPS Systems. 
International Symobsium on Energy, Environment and Economics (p. 11). Melbourne: MUERI, 
Murdoch University. 
Vaitilingtom, G. (2006). Biofuels for the Pacific - Technical Options. REEP Renewable Energy 
Workshop (p. 88). Suva, Fiji: CIRAD - France. 
Vega, L. (2005). Wind Technology Primer: Utility Integrated Wind Turbine Generators. Renewable 
Energy Resource Assessment Workshop (p. 13). Suva: PICHTR. 
Vega, L. (2005). Wind/PV/Diesel Hybrid Village Power Systems in Hawaii and Fiji. Renewable Energy 
Resource Assessment Workshop (p. 5). Suva, Fiji: PICHTR. 
Wade, H. (2004). Pacific Regional Energy Assessment 2004. Apia, Samoa: SPREP. 
Whale, J. (2008). Wind Energy - Origin and Distribution. Renewable Energy Resource Assessment 
Lecture (p. 29). Perth: Murdoch University. 
Whittington, T. (2006). BIODIESEL PRODUCTION AND USE BY FARMERS: IS IT WORTH CONSIDERING? 
Perth: Department of Agriculture and Food, Gov. of WA. T i a n t e   T a r a k i a     P a g e  | 147 
 
Murdoch University  Hybrid System Feasibility_Kiribati  January 2009   
 
 
Wizelius, T. (2007). Developing Wind Power Projects: Theory & Practice. London: EarthScan. 
Zieroth, G. (2005). Feasibility of Coconut Oil as a Diesel Subsitute in Kiribati. Suva, Fiji: SOPAC. 
 
 
 
 
   T i a n t e   T a r a k i a     P a g e  | 148 
 
Murdoch University  Hybrid System Feasibility_Kiribati  January 2009   
 
APPENDICES 
Appendix I: ARORAE COUNCIL DAILY ENERGY USAGE 
Table 17: Arorae Island Council Electrical Energy Usage 
 
Appliances # Total # Rated real power (W) Surge power (VA) Usage time (hrs/day) Energy used (Wh/day) Cont. to Peak (W) Cont. to Surge (VA) Days/Wk
Ice Plant Center
chest freezers (700 L) 2 2 162 10 3240.000 162 7
small c/freezers (376 L - 110 V) 2 2 180 10 3600.000 7
ice maker 1 1 6000 7500 5 30000.000 6000 7
compressor/condensing unit 1 1 3000 5 15000.000 3000 7
water pump 1 1 400 3 685.714 4
plastic film sealer 1 1 5 0.5 0.357 1
lights (40" fluoro) 5 5 36 40 1.5 192.857 5
Hotel 0 0.000
lights (PL) 9 9 11 4 169.714 3
lights (40" fluoro) 2 2 36 40 4 123.429 3
water pump 1 1 370 2 317.143 3
fridge 1 1 94 10 402.857 3
fan 0 0 0 0 0.000
Aluminium & Carpentry w-shop 0.000
steel work-machines 1 1 500 2 714.286 500 5
0.000
0.000
Mechanic w-shop 0.000
gas pump 1 1 200 1 85.714 3
others 1 1 200 2 228.571 200 4
0.000
0.000
Women c-center 0.000
water pump 1 1 370 1 264.286 5
lights (20" fluoro) 3 3 16 18 3 41.143 2
0.000
Island Council Office 0.000
computers (desktop) 0 0 100 6 0.000 100 5
photocopier 1 1 150 3 321.429 150 5
lights 4 4 16 18 2 91.429 5
communication systems 1 1 30 4 85.714 5
0.000
CS Office & shop 0.000
computers 0 0 100 4 0.000 5
lights 2 2 16 18 2 18.286 2
0.000
New Police Office 0.000
computer 0 0 100 2 0.000 2
lights 2 2 16 18 2 45.714 5
0.000 7
Staff quarters (10 staff) 0.000
lights 3 27 16 18 5 2160.000 16 7
TV/video 1 9 90 3 1735.714 90 5
DVD player 1 9 30 3 810.000 7
radio 1 9 12 5 540.000 7
stereo player 1 9 20 5 642.857 5
fridge/freezer 1 4 100 10 4000.000 100 7
0.000 7
Street lights 0.000
Street lights 3 3 50 11 1650.000 50 7
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Appendix II: Wind Speed Ranges at 50 m for Arorae  
Table 18: Arorae Wind Speed Ranges as recorded by NASA (http://eosweb.larc.nasa.gov/) 
Monthly Averaged Percent Of Time The Wind Speed At 50 m Above The Surface Of The Earth Is Within 
The Indicated Range (%) 
Lat -2.67  
Lon 176.83 
Jan  Feb  Mar  Apr  May  Jun  Jul  Aug  Sep  Oct  Nov  Dec 
Annual 
Average 
0 - 2 m/s   14  13  14  23  26  22  20  16  13  14  18  13  17 
3 - 6 m/s   60  58  69  66  70  72  71  69  71  70  62  63  67 
7 - 10 m/s   25  28  17  11  5  6  9  15  16  16  19  23  16 
11 - 14 m/s   1  1  0  0  0  0  0  0  0  0  1  1  0 
15 - 18 m/s   0  0  0  0  0  0  0  0  0  0  0  0  0 
19 - 25 m/s   0  0  0  0  0  0  0  0  0  0  0  0  0 
 
 
Appendix III: Estimating Shape and Scale Factors 
Table 19: Cumulative Wind Speeds Distribution 
Cumulative 
Probability (%)  P(VVx)  1-P(V£Vx)  [-ln(1-P(V£Vx))] 
ln[-ln(1-
P(V£Vx))]  Vx=Vmax  ln Vx 
17  0.17  0.83  0.186329578  -1.680  2  0.693 
84  0.84  0.16  1.832581464  0.606  6  1.792 
100  1  0       10  2.303 
100  1  0       14  2.639 
100  1  0       18  2.890 
100  1  0        25  3.219 
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The Weibull distribution function is described by this equation (equation [2] p.28):
                                                            [2]     
 
This function can be written in an alternative form given below: 
P (VVx) = 1-exp [-(Vx/c)
k]               [18]   
where 
P (VVx) = cumulative probability (%, expressed in decimal form) 
V Vx is normally taken as the maximum wind speed (m/s) 
k = shape parameter or factor (dimensionless) 
c = scale parameter (m/s). 
Further, equation [18] using simple algebra can be translated into a linear equation of 
this form:   
ln (-ln (1 - P (VVx))) = k lnVx – k lnc          [19] 
 
Since equation [19] is linear of the form Y = mX + C, thus a plot of ln(-ln(1- P(VVx)) 
can be drawn against lnVx (see table 19) to produce a linear graph (figure 14, section 
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  Appendix  IV: Estimating the Roughness length  
  Table 20: Roughness lengths and power law exponents for various terrain types 
    (Source: Freris, reproduced from Berill) 
 
   
   
  Figure 52: Typical Wind Profile for Arorae 
 
  Type of Terrain  Zo (m)  n 
Mud flats, ice  10
-5 to 3.10
-5   
Smooth sea  2.10
-4 to 3.10
-4   
Sand  2.10
-4 to 10
-3  0.10 
Snow surface  10
-3 to 6.10
-3   
Mown grass  10
-3 to 10
-2  0.13 
Low grass, steppe  10
-2 to 4.10
-2   
Fallow field  2.10
-2 to 3.10
-2   
High grass  4.10
-2 to 10
-1  0.19 
Palmetto  10
-1 to 3.10
-1   
Forest and woodland  10
-1 to 1   
Suburb  1 to 2  0.32 
City  1 to 4   
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The roughness length z0 is an important parameter influencing the wind speed. It is 
defined  as  “the  theoretical  height  at  which  the  wind  velocity  profile  commences” 
(Berill, 2001, pp. 2, Unit 2).  It is dependent on the roughness of the terrain surface, 
hence  its  name.  In  other  words,  the  rougher  the  surface,  the  larger  the  roughness 
length
87. This also implies, that the wind profile will be at a higher level for a rough 
surface (figure 51). Related to this, and as the power law implies, the wind speed will 
be higher at a higher elevation when the roughness length increases.  
 
  Appendix V: Wind Flagging Effect 
   
  Figure 53: Wind Flagging Effect on Vegetation (Source: NREL, 2005) 
 
                                                           
87 Roughness length is actually a vertical height, not a length or width. However, the name length is just 
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Appendix VI: CNO Extraction Rates  
Table 21: CNO Extraction Rate (%) at KCMC 
Months  2004  2005  2006 
Jan  61.24  60.37  53.52 
Feb  55.55  59.91  61.31 
Mar  49.46  63.95  59.58 
Apr  56.86  57.03  51.59 
May  55.67  44.47  48.29 
Jun  54.88  53.12  60.48 
Jul  59.80  63.42  56.73 
Aug  62.65  55.53   
Sep  59.94  54.55  58.27 
Oct  61.57  48.94  56.69 
Nov  60.87  0.00  50.65 
Dec  55.63  0.00  57.77 
Annual Averages  57.84  56.13  55.89 
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Appendix VII: Copra Shipment & Surplus Patterns on Arorae 
Table 22: Copra Shipment & Surplus patterns 
Date  of  Copra 
Shipment  Duration/frequency (days)  Quantity taken (tonnes)  Amount left (tonnes) 
5/06/2007     47.004  2.35 
3/09/2007  90  16.997  3.617 
22/09/2007  19  4.929  1.077 
23/11/2007  60  14.047  0 
16/12/2007  23  8.167  0.057 
26/01/2008  41  15.716  0.784 
20/03/2008  61  10.201  35.264 
10/04/2008  21  40.087  12.501 
18/04/2008  8  20.8  1.16 
9/05/2008  22  18.263  0 
9/06/2008  30  26.099  0 
13/06/2008  4  2.667  0.06 
30/07/2008  47  13.579  45.945 
30/08/2008  30  58.541  27.64 
       
Average:  35.1  21.2  9.3 
Source: Based on Arorae Copra Society (CS) data.   
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Appendix VIII: COST ESTIMATE OF CNO PRICE ON ARORAE 
Following is a preliminary estimate of CNO unit cost ($/L). This is a rough estimate, 
however, the actual cost estimate will basically use this method, but will carefully consider 
the actual costs of materials such as those listed (plus others that need to be included) below. 
 Table 23: Estimated Capital Cost of CNO 
SYSTEM 
EQUIPMENTS/REQUIREMENTS 
PRICE $ 
Copra feedstock Storage – max at 1 ton/daily  None, use space in CNO processing shed 
New CNO processing shed – small copra mill 
shed 
$5500 
Coconut  Oil (CNO) Storage tank – 100-150 L  $500 
Copra processing mill (small-scale unit)  $5000 (estimate includes freight costs, etc) 
Electrical cables & other minor accessories  $400  
1 small transfer pump  $200  
Transport costs  None, copra is produced locally, and people 
can readily deliver the required copra 
Water tank (200 L, required for cleaning, etc)  Use existing tank 
Total Initial Capital Costs  $11600 
   
Interest  10 %  $1160 
Inflation/depreciation  0 %  $0 (assume none) 
Maintenance  5 %  $580 
Annual Capital Operating Cost  $1740 
Quantity of CNO required (this is the amount 
produced from the mill to provide enough 
CNO for DE fuel consumption – also see 
section 6.7)  
8640 L/yr  
Capital Cost of CNO (discounted)  $0.201/L 
   
   
 
Table 24: Input Costs for CNO Production 
Input items for CNO Biofuel  Cost $/L  Assumption 
CNO  0  None, produced locally  
Crushing cost  0  None; part of project cost 
Transport   0  None, copra locally produced 
Gum accacia    0.10  estimate 
Electricity (from HES)  0.50  estimate 
Labour  0  None, part of project design cost (see fixed 
O & M cost in HES design) 
Total Input Costs  $0.60/L   
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Total Levelised Cost of CNO = $0.201/L + $0.60/L = $0.80/L. 
Levelised cost of CNO is the sum of the capital cost and total input costs, which is approximately 
$0.80/L. 
Gum acacia, is a raw material also required with copra feedstock to process CNO if the mill is a ghani 
type. 
Amount of accacia required is 5kg copra per 500 kg copra, or 1 kg per 100 kg copra. That is, if 200 kg 
of copra on a daily basis is utilised to produce the required supply of CNO, then this would require 2 
kg of acacia per day. Accacia estimated cost is $0.10/L (table 24). 
The electricity cost of CNO (in $/L, table 24), can be estimated from the amount of electricity (kWh) 
consumed by the mill (see section 6.6, p.95) and the production cost (using electricity cost of 
$1.17/kWh). 
From section 6.7, the amount of CNO that can be produced locally on Arorae, on a worst case 
scenario, is about 60 L per day. Actually, a diesel genset requires much less than this amount, this 
means CNO production will only occur at least 2-3 days a week. This consideration is reasonable 
because producing say 40 L/day in 2 days a week is just enough to provide the required amount of 
CNO for a week‟s DE fuel. It‟s also an economical and sensible consideration because it minimises 
the run-time of the mill and so conserves energy. On the other hand, it has an advantage because it 
produces daily fresh or good quality CNO fuel that is readily used in a DE instead of storing CNO for 
more than a week which can affect its quality as a fuel. In addition, it allows for essential maintenance 
works during non production days.  
Therefore in such as case, the amount that would be produced is 180 L per week for 3 days- 
production or 8640 L per annum. This annual amount is an input in table 23. 
 
Appendix IX: List of People Consulted 
The list below shows the names of people consulted during field work on South Tarawa and 
Arorae Island, and also through email correspondences.  
1.  Beretara, Councillor for Roreti (now chief councilor), Arorae 
2.  Kareua Areti, Councillor for Tamaroa, Arorae 
3.  Naboua Tamatoa, KOIL Agent, Arorae 
4.  Raerae, copra supervisor CS, Arorae 
5.  Arieta Tewita, Manager CS, Arorae 
6.  Kabiri, Accountant, KCMC 
7.  Ms Reina Timau, Secretary, MPWU 
8.  Kireua Kaiea, EPU MPWU 
9.  Terebentau Akura, KSEC 
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